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Preface 

Soon after the Applied Physics Laboratory4" of The Johns 
Hopkins University began its work on the BUMBLEBEE project, it 
became apparent that a great deal of basic information in the 
field of supersonic aerodynamics would be needed and that exist- 
ing data and theories should be brought together in a form suit- 
able for design use* Consequently, the Aerodynamics Group at the 
Applied Physics Laboratory undertook to compile, both through its 
own efforts and through those of interested associate contractors, 
material appropriate to a handbook of supersonic aerodynamics. It 
seemed likely that the project would be of interest also to numer- 
ous other organizations working in the same and allied fields. The 
project was discussed at some length with other interested agencies 
during the Symposium on Aerodynamics held at the Laboratory during 
December, 1945++. Many helpful suggestions Resulted from this 
symposium discussion and the preparation and issuance of the 
Aerodynamics Handbook was undertaken. Initial sections of the 
Aerodynamics Handbook were distributed early in 1946 v/ith subse- 
quent parts being issued as monthly supplements. By September, 
1946, the work had increased until it was no longer practical to 
continue it w5thin the Aerodynamics Group, and consequently a sep- 
arate Handbook staff was set up. 

By the middle of 1947, the Handbook project seemed fir-mly 
enough established and the general interest sufficiently great to 
warrant preparation of a revised edition which would contain con- 
tributions from a larger number of agencies and would be of more 
professional format. Therefore, issuance of monthly supplements 
was terminated and work ?ras begun on the second edition, called 
the Handbook of Supersonic Aerodynamicsf and this edition was 
published January 1, 1949. 

In February, 1950, full responsibility for the printing and 
distributing of the Handbook of Supersonic" Aerodynamics was as- 
sumed by the Publications Branch, Bureau of Ordnance, Department 
of the Navy.  However, the Applied Physics Laboratory continues 
to have editorial responsibility for the Handbook and for this 
reason it continues to maintain an editorial staff and a Reviewing 
Committee at the Laboratory as heretofore. 

The Applied Physics Laboratory has been greatly assisted by 
other agencies working in supersonic aerodynamics, both in suggest- 

+ Operating under Contract NOrd 73Ö0 with the Bureau of Ordnance, 
Department of the_Navy, Washington 25, D. C. 

++ Reported in BUMBLEBEE'Report No. 29, page 75. 
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ing what kinds of material should be included in the Handbook and 
in preparing specific sections. Th^ response of all agencies ap- 
proached was gratifying and whatever value the Handbook may prove 
to have will be due in no small part to the excellent cooperation 
received both within and without the BUMBLEBEE group of Navy con- 
tractors. The Applied Physics Laboratory hereby gratefully acknowl- 
edges with sincere thanks the contributions made by all agencies 
and individuals. Specific acknowledgment is made in the respective 
sections for each contribution. 

The primary criterion used in selecting material for the Hand- 
book is its expected usefulness to designers of supersonic vehicles. 
Thus a collection of data directly useful in the design of super- 
sonic vehicles, results of the more significant experiments, and 
outlines of basic theory are included at the risk of producing a 
Handbook that may be considered somewhat unconventional and hetero- 
geneous in content. 

Since the field of supersonic aerodynamics is still relatively 
new and since much of the work is of a pioneering nature, it is 
expected that the organization of the Handbook with respect to spe- 
cific sections will require revision from time to time. 

A decimal system was used in numbering sections and pages of 
the 1949 edition of the Handbook; for example, 3.H referred to the 
eleventh page of Section 3. This same system of page numbering is 
used in Sections 1, 2, 3 and 4 of Volume One of the 1950 edition, 
with the exception that the decimal (.) is replaced by a dash (-;; 
for example, 1.3 has been changed to 1-3. Future volumes of the 
Handbook will have a different page numbering system, to be ex- 
plained when Volume Two is released. 

The present edition of the Handbook, printed and distributed 
by the Bureau of Ordnance, is being published in separate volumes 
as material becomes available. The first volume contains the first 
four sections as given in the tentative outline of section titles 
shown on page iv, immediately following this preface. This outline 
represents the material that should be included in such a Handbook 
as this, according to answers to inquiries made of users of the 
first edition. Sections 1 and 3 of the 195° edition represent re- 
visions of the corresponding sections of the 1949 edition, while 
S.ctions 2 and 4 remain unchanged. It is planned to have Volume 
Two contain Sections 5, 14 and 15, as given in the tentative out- 
line. Section 5 will represent a revision of the same section of 
the 1949 edition, and will also contain data on oblique shock flow. 
Classified material will be published in a separate classified 
volume as heretofore. All volumes of the Handbook are issued in 
loose-leaf form to permit the addition of supplementary material. 

Section 1 of Volume One contains the American Standard Letter 
Symbols for Aeronautical Sciences approved by the American Standards 
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Association on January 24, 1950. The symbols used in Sections 2, 
3 and 4 of Volume One do not conform, in every instance, to this 
Standard. The lack of conformity is a consequence of the early 
date of the first publication of these sections (January 1, 1949) 
and the economy resulting from using the original plates for the 
1950 edition. Beginning with Section 5, in Volume Two, all sym- 
bols will be brought into conformity with the American Standard, 

For technical editing of the Handbook, a Reviewing Committee 
was appointed by the Director of the Applied Physics Laboratory. 
The following have served as members of the committee: C. N. 
Y/arfield (Chairman), L, L. Cronvich, A. R. Eaton, G. M. Edelman, 
N. Edmonson* and F. K. Hill. 

All agencies and individuals interested in aerodynamics 
should feel free to submit and recommend material for inclusion 
in the Handbook; full credit will be given for all such material 
used. In the selection of material and the preparation of these 
volumes, the Applied Physics Laboratory lays claim neither to 
omniscience nor to infallibility; it earnestly solicits, there- 
fore, constructive criticisms and suggestions. Correspondence 
relating to the editing of the Handbook should be sent to: 

Thomas F. Ball, Supervisor 
Aerodynamics Handbook Project 
Applied Physics Laboratory 
The Johns Hopkins University 
8621 Georgia Avenue 
Silver Spring, Maryland 

The first 2000 copies of Volume 0ns (unclassified 1950 
edition) will be distributed by the Bureau of Ordnance, Depart- 
ment of the Navy free-of-charge to research organizations, in- 
dustrial concerns, universities and individual investigators who 
are engaged in aerodynamic research pertaining to national de- 
fense , provided formal requests are submitted to, and approved by5 
the Bureau of Ordnance. All applications and communications con- 
cerning the future distribution of both the Classified and Un- 
classified Volumes of the Handbook should be sent to: 

Bureau of Ordnance 
Department of the Navy 
Washington 25, D. C. 

+ Active until July, 1949. 
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TENTATIVE.LIST OF MAJOR SECTIONS OF THE 
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J 

Section No. 

3+ 

5++ 

6+++ 

7 
8 
9 
10 
11 
12 
13 
14++ 
15++ 
16 
17 
18 
19 
20 
21 

Title 

Symbols and Nomenclature 
Fundamental Equations and Formulae 
General Atmospheric Data 
The Mechanics and Thermodynamics of Steady 

One-Dimensional Gas Flow 
Collected Tables (Mach Tables, Adiabatic Tables, 
Miscellaneous Functions of T) 

Viscosity Effects 
Compressible Flow and Shock Patterns 
Two-Dimensional Airfoils 
Three-Dimensional Wings 
Three-Dimensional Bodies 
Mutual Interference Phenomena 
Static Stability 
Dynamic Stability 
Aero-Elastic Phenomena (Flutter) 
Tables of Thermal Properties of Gases 
Ducts, Nozzles and Diffusers 
Heat Transfer 
Free Jets 
Wind Tunnel Design and Instrumentation 
Measurement Techniques 
Miscellaneous Problems 
References 
Alphabetical Index 

3 

^ 

+ These sections vith applicable references and indices are published 
herein. 

++ These sections vill be published in the near f\jture. 
+++ Material in this section thus far is classified and has been 

published in the Classified Volume of the 19^9 Edition of the 
Handbook. 
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SECTION 1 - SYMBOLS AND NOMENCLATURE 

The material appearing on. pages 1-2 through 1-21, inclusive, 
represents a verbatim reproduction of the recently published 
American Standard Letter Symbols for Aeronautical Sciences, which 
was officially released by  the American Standards Association on 
January 24, 1950. The approved American Standard is being repro- 
duced in the Handbook with the full permission of the American 
Standards Association» 

Introduction 

Since July 1, 1947, the Handbook Project at the Applied 
Physics Laboratory of-The Johns Hopkins University has been close- 
ly associated with the work of Subcommittee No. 7 (Letter Symbols 
for Aeronautical Sciences) of the American Standards Sectional 
Committee Z10 (Letter Symbols and Abbreviations for Science .and 
Engineering). The purpose of this endeavor has been to effect 
standardization of letter symbols for the aeronautical sciences on 
a national basis. It is believed that such standardization will 
result in the promotion of uniformity in the preparation and pre- 
sentation of technical papers and texts in the fields of aero- 
nautical sciences. Moreover, its widespread use will lead to im- 
measurable savings in man-hours both in the preparation and under- 
standing of such technical material and thus provide an added 
measure of security for the country as a whole at a time when our 
needs may necessitate rapid moblization of our industrial facili- 
ties. 

The use of these standard letter symbols throughout all 
technical levels of the aeronautical and allied industries is es- 
sential to the attainment of the foregoing objectives. 

The National Advisory Committee for Aeronautics and the 
Institute of Aeronautical Sciences collaborated in sponsoring this 
phase of a general program of standardization for letter symbols 
with the following engineering and scientific societies: American 
Society of Civil Engineers, American Institute of Electrical 
Engineers, American Society for Engineering Education, .American 
Society of Mechanical Engineers, and the American Association for 
the Advancement of Science. 

T 
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ASA J 
Rt(. ü. S. Pot. 00. 

Z10.7-1930 

UDC 003.62:533.6 
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Letter Symbols For 

Aeronautical Sciences 

SPONSORS 

American Society of Civil Engineers 

American Institute of Electrical Engineers 

American Society for Engineering Education 

American Society of Mechanical Engineers 
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National Advisory Committee for Aeronautics 

\j \   - Institute of the Aeronautical Sciences 

Approved January 24, 1950 
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An American Standard implies a consensus of, those substantially concerned with its scope and 
provisions. The consensus principle extends to the initiation of work under the procedure of the 
Association, to the method of work to be followed, and to the final approval of the standard. 

An American Standard is intended as a guide to aid the manufacturer, the consumer, and the 
general public. The existence of an American Standard does not in any respect preclude any party 
who has approved of the standard from manufacturing, selling, or using products, processes, or 
procedures not conforming to the standard. 

An American Standard defines a product, process, or procedure with reference to one or more 
of the following: nomenclature, composition, construction, dimensions, tolerances, safety, operating 
characteristics, performance, quality, rating, certification, testing, and the service for which designed. 

Producers of goods made in-conformity with an American Standard are encouraged to state on 
their own responsibility, in advertising, promotion material, or on tags or labels, that the goods are 
produced in conformity with particular American Standards. The inclusion in such advertising and 
promotion media or on tags or labels of information concerning the characteristics covered by the 
standard to define its scope is also encouraged. 

•rO 
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American Standard 
Registered united States Patent Office 

Published by 
AMERICAN STANDARDS ASSOCIATION 

Incorporated 

70 East Forty-fifth Street 
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Price, $1.25 
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(This Foreword is not a part of the American Standard Letter Symbols for Aeronautical Sciences, Z10.7'195Q;; 

J 

This standard was prepared by Subcommittee No. 7 
on Aeronautical Sciences, one of twelve subcommittees 
appointed by Sectional Committee Z10 on Letter Sym- 
bols and Abbreviations for Use in Science and Engi- 
neering, for the purpose of preparing American 
Standard letter symbols and abbreviations. The other 
subcommittees cover mathematics, hydraulics, me- 
chanics of solid bodies, structural analysis, heat and 
thermodynamics, photometry, electrical and magnetic 
quantities, radio, physics, chemical engineering, and 
abbreviations. 

Sectional Committee Z10 was organized under the 
procedure of the American Standards Association in 
January, 1926, with the American Society of Civil En- 
gineers, American Institute of Electrical Engineers, 
American Society for Engineering Education, Ameri- 
can Society of Mechanical Engineers, and the Ameri- 
can Association for the Advancement of Science as 
joint sponsors. The committee was reorganized in 
October, 1935. It now consists of representatives of 
thirty-five national societies, and associations. 

Subcommittee No. 7 was originally constituted in 
April, 1926, and submitted a proposal which was issued 
as a standard in 1930. Rapid developments in concepts 
relating to the aeronautical sciences rendered the 
1930 standard obsolete, and the subcommittee was 
reconstituted in June, 1947, with substantially its pres- 
ent membership, for the purpose of developing a new 
standard. A proposed standard was published in Janu- 
ary, 1949, for trial and criticism. 

During the course of its work the subcommittee has 
considered a number of special letter symbols relating 
particularly to meteorology and to servomechanisms. 
It has been the consensus that letter symbols and con- 
cepts in these fields are so specialized as not properly 
to fall within the scope of Subcommittee No. 7. For this 
reason no attempt has been made to include (in the 
present standard) letter symbols for special concepts 
in meteorology and in servomechanisms. 

Recognizing the practical fact that most published 
and duplicated papers and other works in the fields of 
aeronautics and aerodynamics are duplicated by some 
process relying upon the use of a typewriter, the sub- 
committee has made no use of type-face variations in 
order to distinguish letter symbols. It is believed that 
this feature will simplify the preparation of typewritten 
duplications, but, of course, General Principle 8 (see 
pagel-7)will still be applicable to printed publications. 

In the present standard there are two listings of the 
same symbols and quantities (in the case of letter sym- 
bols for primary concepts and for secondary concepts) 
in order to facilitate use of the standard. The first list- 
ing is alphabetical by symbol, and the second is alpha- 
betical by concept (see Appendix, page 1-16) .The first 
two columns  (namely, the Symbol column and the 
Concept column)   of the first listing constitute the 
American Standard, and all other columns and listings 
are merely to facilitate use of the standard. In the third 
column of the first listing of letter symbols for primary 
concepts, illustrative dimensions are given, but these 
dimensions are not a part of the standard; in the fourth 
column of the first listing the extent of agreement with 
current American Standards is indicated and it will 
be noted that this agreement is substantial; in the fifth 
column of the first listing are certain remarks including 
definitions, but these form no part of the standard. 

In general, any of the recommended letter symbols 
for primary concepts may be employed as subscripts 
in application to another symbol for a primary con- 
cept. This recognizes the fact that a given primary con- 
cept may in certain circumstances be employed as a 
modifying or secondary concept. For this reason, there 
has been no deliberate attempt made to include in the 
subscript list all the symbols which may be employed 
as subscripts, particularly where such symbols may be 
found in the published listing of principal letter 
symbols. 

In designating aircraft components, it is recom- 
mended that lower-case letters be generally used when- 
ever the terms occur in mathematical expressioBs; e.g., 
bc—elevator span; Sw—wing area. Capital letters 
should be used to designate component parts of a con- 
figuration, as used in models for wind-tunnel testing, 
and various components of the model under test should 
be distinguished by means of numerical subscripts; 
thus, F-LWSNZ would represent a model including the 
No. 1 fuselage, the No. ?> wing, and the No. 2 nacelle. 
Since the configuration symbols are not usually em- 
ployed as subscripts, they are not included in the pres- 
ent list of subscripts; thus, in the present list of sub- 
scripts, symbols for aircraft components appear as 
lower-case letters. 

In the field of turbulent-flow analysis, practice is 
hot well enough established to permit the recommenda- 
tion of symbols pertaining to turbulence intensity, to 
turbulence energy distribution (i.e., the so-called spec- 
trum of turbulence), anc' to turbulent-fluctuation fre- 
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quency. Meanwhile, the limited needs for such symbols 

should be met by use of symbols for analogous con- 

cepts in other fields. It will be noted, however, that 

recommendations are made herein for symbols to ex- 

press mean-velocity component (S) and turbulent- 

velocity component (»'), the recommended symbols 

being the bar and the prime, respectively, to be applied 

to a suitable velocity symbol. 
The subject of moment designations, moment- 

coefficient designations, etc, is definitely controversial, 

but the subcommittee has agreed to recommend a sys- 

tem (see page 1-2 0). 

Officers of Sectional Committee on Letter Symbols and Abbreviations 

for Science and Engineering 

H. M. Turner, Associate Professor, Electrical Engineering, Yale University, New Haven, Conn., Chairman 

C. E. Hilton, American Standards Association, Incorporated, New York, N. Y., Secretary 

Personnel of Subcommittee No. 7 on Letter Symbols for Aeronautical Sciences 
Prof Thomas F. Ball, Applied Physics Laboratory, The Johns Hopkins University, Silver Spring, Md., Chairman 
R. C. Hopgood, Room 1811,420 Lexington Avenue, New York, N. Y., Secretary 
Dr J. V. Charyk, Department of Aeronautical Engineering, Princeton University, Princeton, N. J. 
Prof W. M. Coates, Naval Post Graduate School, Annapolis, Md. 
W. S. Diehl, Captain USN, Bureau of Aeronautics, Navy Department, "Washington, D. C. 
Dr H. L. Dryden, Director of Aeronautical Research, National Advisory Committee for Aeronautics, Washington, D. C. 
Prof Donnell W. Dutton, Director, Daniel Guggenheim School of Aeronautics, Georgia School of Technology, Atlanta, Ga. 
G. R. Gaillard, Standardization Coordinator, Civil Aeronautics Administration, Department of Commerce, 
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1 Manuscript. In preparing manuscripts, it is 
suggested that authors give careful attention to the use 
of symbols from this and other standard lists and to 
the principles here given. Symbols used should be de- 
fined clearly. When a table of symbols is not given, it 
is desirable to make reference to the standard lists from 
which the symbols are taken. The many numbers, let- 
ters, and signs which are similar in appearance should 
be distinguished carefully. 

2 Letter Symbol. A letter symbol is a single char- 
acter, with subscript or superscript if required, used 
to designate a physical magnitude in mathematical 
equations and expressions. Two or more symbols to- 
gether always represent a product. 

Letter symbols are to be distinguished from abbre- 
viations, mathematical signs and operators, graphical 
symbols, and chemical symbols: 

(a) A bbreviations are shortened forms of names 
and expressions employed in texts and tabulations and 
should not be used as symbols in equations. 

(b) Mathematical Signs and Operators are char- 
acters used with letter symbols to denote mathematical 
operations and relations. 

(c) Graphical Symbols are conventionalized 
diagrams and letters used on plans and drawings. 

{d) Chemical Symbols are letters and other 
characters designating chemical elements and groups. 

3 The same symbol should be used for the same 
physical magnitude regardless of the units employed 
and regardless of special values occurring for different 
states, points, parts, times, etc. Units or special values 
may be distinguished when necessary by subscripts, 
superscripts, or by upper- and lower-case letters when 
both are specifically included as symbols in a standard 
list. The units used should be indicated when neces- 
sary. Sometimes different symbols are used for the 
components of a vector. 

4 Subscript. A subscript preferably should be a 
simple character. It is commonly employed to indicate 
constancy of a particular physical magnitude, such as 
pressure or temperature, when there are other vari- 
ables. A multiple subscript, sometimes divided by a 
comma, refers to more than one state, point, part, time, 
etc. A subscript should not be attached to a subscript. 

Further uses of subscripts are listed in Principles 3 
and 6. 

5 Superscript. A symbol with a superscript, such 
as a prime (') or a second ("), should be enclosed in 
parentheses, braces, or brackets before affixing an ex- 
ponent. A complicated exponent (or any other expres- 
sion frequently repeated) may be replaced by a single 
symbol selected to represent it. Reference marks should 
not be attached to symbols. Further uses of super- 
scripts are listed in Principles 3 and 6. 

6 Conflicts. Conflicts which would occur when 
different physical magnitudes are assigned the identi- 
cal symbol in the same or different standard symbol 
lists may be resolved in one of the following ways: 

(a) For one or more of the conflicting uses, the 
given symbol may be employed with subscript or 
superscript selected by the author. 

(b) If one of the magnitudes has an alternate 
symbol in a standard list, it may be used. 

(c) A slight change in the name of the magni- 
tude may remove the conflict. For instance, one may 
use L for "length of radius" when r for "radius" con- 
flicts with r used for another magnitude. 

7 Unlisted Magnitudes. To symbolize a special 
value of a listed magnitude, see Principle 3. The sym- 
bol chosen by an author for a physical magnitude not 
appearing in any standard list should be one that does 
not have already a different meaning in the field of 
the text. 

8 Typography. Letter symbols, letter subscripts, 
and letter superscripts, whether upper- or lower-case, 
should be printed with italic type unless definitely spe- 
cified otherwise. On manuscript this is indicated by 
underlining each symbol which is to be italicized. Spe- 
cial types, such as Old English and type that is cur- 
rently used for vector magnitudes, should be avoided 
for scalar magnitudes. When special type is used for 
vector magnitudes, the same italic letter should be used 
for the  corresponding  scalar  magnitude.  Vertical 
Arabic numerals should be used as coefficients in equa- 
tions and in subscripts and exponents. Bars, dots, and 
other modifying signs and operators should be used in 
the manner currently recognized by mathematicians. 
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Letter Symbols for Aeronautical Sciences 

A symbol indicated as an alternate is not preferred. Symbols having equal rank are not qualified 
as alternates. 

The dimensions given in the third column and the definitions given in the fifth column are merely 
illustrative and form no part of the present standard. With regard to the indicated dimensions, and in 
a particular system of units, M represents Mass, L represents Length, T represents Time, and 0 repre- 
sents Temperature. 

J 

Letter Symbols for Primary Concepts 

^ 

Symbol 

o(lc) 

o(lc) 
A (cap) 

A (cap) 

yR  (cap, 
written 
together) 

Concept 

fc(lc) 

ö(lc) 

Slope of lift curve 

Velocity of sound 
Area, cross-sectional 

Aspect ratio 

Aspect ratio, alternate for 

Dimensions 

Dimensionless 

I.T-1 
I.1-' 

Dimensionless 

Dimensionless 

Also Appears 
in Z10 Publication Remarks 

c(lc) 
c(k) 

c(lc) 

cp dc) 

cv (1c) 

C (cap) 

C (cap) 

Span 

Blade width (propellers) 

<2(lc) 

D (cap) 

D (cap) 

e(lc) 
E (cap) 

E (cap) 

/(lc) 
F (cap) 

F (cap) 

g(lc) 

G (cap) 

G(cap) 

Chord, of an airfoil 
Velocity of sound, alternate 

for 
Coefficient, alternate for; 

section coefficient 
Specific heat, at constant 

pressure 
Specific heat, at constant 

volume 
Coefficient 

Concentration 

Z10.2,Z10.4,Z10.6, 
Z10.8, Z10.12 

dC, 

Use c (lc) for alternate 
Use S (cap) for surface or 

projected area 
See JR (cap, written together) 

for alternate 

L 
LT-i 

Dimensionless 

L=T-28-i 

Dimensionless 

Dimensionless 

Z10.6, Z10.12 

Diameter 

Diameter 

Drag 

UsedinZ10.3,Z10.6,Z10.8 
for breadth 

Z10.4,Z10.6,Z10.12 

Z10.4. Z10.6, Z10.12 

Z10.2 

Z10.4 

Span effectiveness 
Energy 

Modulus of elasticity; 
Young's modulus 

L 

L 

MLT-2 

Z10.3.Z10.4 

Z10.2,Z10.3,Z10.4,Z10.6, 
Z10.8, Z10.12 

SeeÜC (cap) for factor which 
may have dimensions; see 
page 19 for usages 

(Interchangeable, but con- 
flicts with differential 
operators shall be 
avoided 

Frequency 
Force 

Thrust; stream thrust 
(combustion) 

Acceleration due to gravity 

Mass velocity; mass-flow, per 
unit cross-sectionai area, 
per unit time 

Shear modulus 

Dimensionless 
ML*T-a 

ML-iT-2 

T-i 
MLT-2 

MLT-2 

LT-2 

ML-2T-1 

ML-1T-2 

Z10.2,Z10.3,Z10.6, 
Z10.8, Z10.12 
Z10.3,Z10.6,Z10.8 

Z10.3,Z10.6,Z10.8 
Z10.2,Z10.3,Z10.4,Z10.6, 
Z10.8, Z10.12 

Z10.2,Z10.3,Z10.4,Z10.6, 
Z10.8, Z10.12 
Z10.4, Z10.12 

Z10.8 

See page 19 for usages 

Use  T  (cap)   for propeller 
thrust 

> 

^ -«£• 
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Symbol Concept Dimensions 

Also Appears 
in Z10 Publication Remarks 

Mlc) 

Mlc) 
Mlc) 

H (cap) 
H (cap) 

Enthalpy, per unit mass or 
per unit weight: 
specific enthalpy 

Altitude 
Heat-flow rate, per unit of 

area, per degree, across a 
boundary surface 

Enthalpy; total heat content 
Angular momentum 

L2T~2 (per unit 
mass) 

L (per unit 
weight) 

L 
MT-Sfl-i 

ML2T-2 
ML2T-J 

Z10.4,Z10.6,Z10.12 

Z10.6, Z10.8 
Z10.4 

Z10.4, Z10.6, Z10.12 

Use z (lc) for alternate 
Discourage use of the term 

film coefficient 

/ (cap) 

/ (cap) 

Impulse 

Moment of inertia 

MLT-i 

ML2 Z10.3, Z10.6, Z10.8, Z10.12 

Subscripts must always be 
used to connote type of im- 
pulse 

J (cap) 
J (cap) 

/ (cap) 

Advance ratio of propeller 
Mechanical equivalent of 

heat; Joule s constant 

Polar moment of inertia 

Dimensionless 
Dimensionless 

ML2 

Z10.4,Z10.6,Z10.12 

Z10.6 

Numerical value is a function 
of mechanical and thermal 
units used 

Mlc) 

Mlc) 

Mlc) 
K (cap) 

Radius of gyration 

Reduced frequency (flutter) 

Thermal conductivity 
Factor, for comparison pur- 

poses 

L 

Dimensionless 

MLT-30-i 
May have 

dimensions 

Z10.6, Z10.8 
t_   «c 

Z10.4, Z10.6, Z10.12 

%V 

Hlc) 
L (cap) 
L (cap) 

Length; distance 
Lift 
Turbulence scale; 

correlation length 
(turbulence) 

L 
MLT-2 
L 

Z10.3,Z10.4,Z10.6 

m (1c) 

M (cap) 
M (cap) 

Mass 

Mach number 
Moment 

M 

Dimensionless 
ML2T-2 

Z10.2,Z10.3,Z10.4, 
Z10.6.Z10.12 

Z10.3.Z10.8 See page 19 for usages 

Mlc) 

Mlc) 
Mlc) 

A' (cap) 
N (cap) 

Exponent of polytropic ex- 
pansion 

Load factor 
Revolutions per unit time 
Normal force 
Number, in general 

Dimensionless 

Dimensionless 
T-i 
MLT-2 
Dimensionless 

Z10.4 

Z10.2,Z10.6,Z10.12 

Z10.2,Z10.3,Z10.4,Z10.12 

pdc) 

pdc) 
P (cap) 

Pressure; static pressure 

Geometric pitch (propellers) 
Power 

ML-iT-2 

Dimensionless 
ML2T-3 

Z10.2,Z10.3,Z10.4,Z10.6, 
Z10.8.Z10.12 

Z10.2,Z10.3,Z10.6,Z10.12 

Mlc) 

Mlc) 
Mlc) 

Q (cap) 
Q (cap) 

Dynamic pressure; impact 
pressure 

Quantity of heat per unit time 
Quantity  of heat  per unit 

mass or per unit weight; 
specific quantity of heat 

Quantity of heat 
Torque (propellers and 

rotary-wing aircraft) 

ML-1T-2 

ML2T-3 
L2T-2 (per unit 

mass) 
L (per unit 

weight) 
ML2T-2 
ML2T-2 

Z10.4 
Z10.4, Z10.12 

Z10.4,Z10.6,Z10.12 

Mlc) 

R (cap) 

R (cap) 
R (cap) 
R (cap) 
R (cap) 

Radius 

Correlation coefficient 
(turbulence) 

Gas constant 
Range 
Reynolds number 
Richness; equivalence ratio 

(combustion) 

L 

Dimensionless 

ML2T-2fl-l 
L 
Dimensionless 
Dimensionless 

Z10.2,Z10.3,Z10.4,Z10.6, 
Z10.8, Z10.12 

Identification is to be made 
by suitable subscripts, su- 
perscripts, or indication of 
functional dependence 

Z10.4,Z10.6,Z10.12 

Z10.2, Z10.4 
Richness is >1 on the rich 

side of the stoichiometric 
mixture, and <1 on the 
lean side; use Rt, meaning 
richness of the fuel, when 
necessary   to   distinguish 
from other concepts con- 

1      noted by R 

883275 O - 50 - 2 

"!"WM{ -fl>ii1-W1l>,yt 
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Symbol Concept 
t 

Dimensions 
Also Appears 

in Z10 Publication Remarks 

Entropy, per unit mass or per 
unit weight; specific 
entropy 

Entropy 
Area, surface or projected 

L2T-20-1 (per 
unit mass) 

Lfl-1 (per unit 
weight) 

ML2T-2<K 
L2 

Z10.4, Z10.6, Z10.12 

ZI0.4.Z10.6.Z10.12 
Z10.6.Z10.12 

S (cap) 
S (cap) Use A   (cap)  for cross-sec- 

tional area 

«(lc) 

tdc) 
«(lc) 

T (cap) 

T (cap) 

Temperature, general 

Thickness 
Time 

Temperature, absolute 

Thrust (propellers and 
rotary-wing aircraft) 

e 

L 
T 

e 

MLT-2 

Zl.0.2, Z10.3, Z10.4, Z10.6, 
Z10.8.Z10.12 
Z10.2,Z10.4,Z10.8 
ZI0.2,Z10.3,Z10.4,Z10.6, 
Z10.8.Z10.12 
Z10.2,Z10.3,Z10.4, 
Z10.6.Z10.12 

Use 6 (lc) for alternate 

Use F (cap) for other types 
of thrust 

adc) 

it(lc) 

U (cap) 
Ü (cap) 

V (cap) 

Internal   energy,   per   unit 
mass or per unit weight; 
specific internal energy 

Velocity,  longitudinal com- 
ponent of 

Internal energy 
Heat transfer coefficient, 

over-all 
Velocity, alternate for 

L2T-2 (per unit 
mass) 

L (per unit 
weight) 

LT-i 

ML2T-2 
MT-39-1 

LT-i 

Z10.4,Z10.6,Z10.12 

Z10.2, Z10.6 

ZI0.4, Z10.6, Z10.12 
Z10.4.Z10.12 

For   consistency,   designate 
other components by v, to; 
see V for velocity 

v(Ic) 
u(lc) 

F (cap) 

P (cap) 

Velocity, lateral component of 
Volume, per unit mass or per 

unit weight; specific 
volume 

Velocity 

Volume 

LT-i 
Mr1!? (per unit 

mass) 
M-1L2T2 (per 

unit weight) 
LT-i 

Z10.2.Z10.6 
Z10.4,Z10.6,Z10.12 

Z10.2,Z10.4,Z10.12 

Z10.2,Z10.3,Z10.4,Z10.6, 
Z10.8.ZI0.12 

See remarks for u 

Use U (cap) for alternate; 
use subscripts for compo- 
nents (e.g., V,, V„ V-.); 
see also u,v,w for velocity 
components 

w(lc) 

»(lc) 

W (cap) 

Velocity, normal component 
of; magnitude of velocity 
vector 

Weight flow, per unit time;, 
mass-flow rate 

Weight 

LT-i 

MLT-s 

MLT-2 

Z10.2, Z10.6 

Z10.4.Z10.12 

Z10.2,Z10.3,Z10.4, 
Z10.6, Z10.8 

x, y, z (lc) 

X (cap) 

X,Y,Z(cap) 

z(lc) 

Coordinate'system; earth- 
bound axes 

Isentropic factor 

Coordinate system;  aircraft 
axes 

Altitude, alternate for 

Use plain, prime, and dou- 
ble prime to provide fur- 
ther  coordinate   systems; 
see also f, ij, f and X, Y, Z 

Dimensionless Z1Ö.4 

Use   plain    (aircraft   body 
axes).,   prime   (trajectory 
axes, X' being along tra- 
jectory, and ¥' being trans- 
verse horizontal), and dou- 
ble prime to provide fur- 
ther  coordinate  systems; 
see also £, 17, f and x, y, z 

L 

«(lc) 
«•(lc) 
«do) 

Angle of attack 
Angular acceleration 
Diffusivity, thermal 

Dimensionless 
X-2 
L2T-1 

Z10.2,Z10.3,Z10.6,Z10.8 

|3(lc) 
/3(lc) 
ßdc) 

Angle 
Angle of sideslip 
Blade angle (propellers) 

Dimensionless 
Dimensionless 
Dimensionless 

Z10.6.Z10.12 

•v (M P   .    (       .c  , 
Dimensionless 
Dimensionless 

Z10.4,Z10.6,Z10.12 
Z10.3, Z10.8 

»•>wat»«-'    ". 1 
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Symbol Concept Dimensions 
Also Appears 

in Z10 Publication Remarks 

T (cap) 

r (cap) 

Circulation;   strength  of  a 
single vortex 

Dihedral angle 

L2T-1 

Dimensionless 

Sdc) 

S(lc) 

8 do) 

Boundary layer thickness 

Displacement, angular, of 
control surface 

Relative pressure 

L 

Dimensionless 

Dimensionless 

See 9  dc)   for momentum 
thickness  of  boundary 
layer 

Ratio of a pressure to the 
standard  pressure  of  at- 
mospheric air at sea level 

«dc) 
«do) 
edc) 
«dc) 

«dc) 

Angle of downwash 
Error signal 
Strain, normal 
Turbulence exchange co- 

efficient 
Emissivity (for radiant heat) 

Dimensionless 
Dimensionless 
Dimensionless 
ML-iT-i 

Dimensionless 

Zlö.3, Z10.8 

Z10.4, Z10.6, Z10.12 

i,v, rdc) Coordinate system; inertial 
axes 

Use plain, prime, and dou- 
ble prime to provide fur- 
ther  coordinate  systems; 
see also x, y, t and X, Y, Z 

>)(lc) 

Vr  dc) 

Efficiency 

Recovery factor 

Dimensionless 

Dimensionless 

Z10.2,Z10.3,Z10.4,Z10.6, 
Z10.8, Z10.12 

fldc) 
fldc) 

fldc) 
fldc) 

Angle 
Momentum thickness of 

boundary layer 
Temperature, alternate for 
Temperature ratio 

Dimensionless 
L 

A 
Dimensionless 

Z10.6 See diagram, page 11 

Z10.4.Z10.6 Use t (lc) if possible 
Ratio of an absolute temper- 

ature to the standard ab- 
solute temperature for at- 
mospheric air at sea level 

Xdc) 
Xde) 
X dc) 

Xdc) 

Xdc) 

X(lc) 

Damping factor 
Mean free path 
Microscale (turbulence) 

Nozzle divergence factor 

Taper ratio 

Wave length 

T-i 
L 
L 

Dimensionless 

Dimensionless 

L 

Z10.6 Used in e-« 

Z10.6 
decuy 

The theoretical ratio of thrust . 
of a diverging nozzle to the 
thrust without divergence 
of the flow 

In any given tapered wing 
element, the ratio of chord 
at the tip end to chord at 
the root end 

Z10.3,Z10.4,Z10.6 

A (cap) Sweepback angle Dimensionless 

Mlc) 

(«dc) 

/«(1c) 

Mach angle 

Viscosity, absolute; viscosity, 
coefficient of 

Poisson's ratio 

Dimensionless 

ML-iT-i 

Dimensionless 

11 = sin-1       • 

Z10.2.Z10.4.Z10.12 

Z10.3 

M 

K(1C) Kinematic viscosity L2T-1 Z10.2,Z10.4,Z10.6,Z10.12 *• 

Pdc) Density ML-3 Z10.2,Z10.3,Z10.4,Z10.6, 
Z10.8.Z10.12 

Such that YupV2 = pressure 

o-(lc) 
cr(lc) 

a(lc) 
a(lc) 

Angle of sidewash 
Relative density 

Solidity (profilers) 
Stress, normal; stress 

(intensity) 

Dimensionless 
Dimensionless 

Dimensionless 
ML-lT-2 

Ratio of a density to the 
.   standard density of atmos- 

pheric air at sea level 

Z10.2, Z10.3 

rdc) 
r(lc) 

Stress, shearing 
Time, alternate for 

ML-1T-2 
T 

Z10.2.Z10.3 
Z10.4,Z10.6,Z10.12 Use t (lc) if possible 

«Hf«"" MW»«MMO- 
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Symbol (.ojicept Dimensions 
Also Appears 

in Z10 Publication Remarks 

•Mlc) 
*(lc) 

•Pile) 

Angle 
Potential function 

Helical angle of advance 
(propellers) 

Dimensionless 
Dependent on 

definition 
Dimensionless 

See diagram below 

Vdc) 
lMlc) 

Angle; effective helix angle 
Stream function 

D'mensionless 
Dependent on 

definition 

See diagram below 

a (lc) Angular velocity; circular 
frequency 

Angular velocity, alternate 
for; vorticity 

T-i Z10.2, Z10.3, Z10.4, Z10.6, 
Z10.8.Z10.12 

f! (cap) If possible, use a (lc) 
angular velocity 

for 

1 

r^-. 

'> 

Positive directions of axes and angles (forces and moments) are shown by arrows. 
Taken from Report No. 474, National Advisory Committee for Aeronautics. 

'> 

^uW'.i«*fiii'»     '^w 
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Symbols for Use as Subscripts 

r 

^ 
1 

rr 

Subscript 
Symbols Concept Remarks 

Subscript 
Symbols Concept Remarks 

a(lc) Absolute 
Added; additional 
Adiabatic 

Aileron 
Air; relative to air 
Allowable 
Ambient 

Available 
Adiabatic, 

alternate for 
Ambient, 

alternate for 
Average 

D (cap) Drag 

e(lc) 

eß (lc) 

Eu. 

Effective 

Elevator 
Endurance 
Engine 
Equivalent 
Exhaust; exhaust 

nozzle; exit 
Effective, alternate 

for 
Euler (number) 

Use eg (lc) as alter- 
nate 

See also ad  (lc)   for 
alternate;   use   aw 
(lc)   for  adiabatic 
wall 

See am (lc) for alter- 
nate 

ad (lc) 

am (lc) /(lc) 

F (cap) 

Fr 

Fin 
Flap; flipper 
Fluid; liquid phase 

Friction j.friction 
factor 

Fuel 
Fuselage; body 

Force;thrust 

Frontal 
Froude (number) 

See also in  (lc)   for 
mean 

av (lc) See I  (lc)   for alter- 
nate 

6(lc) Base 
Basis 
Bending 
Blade 
Burner; burnt 

Barometric 
Body 

See also B (cap)  for 
body 

See also T (cap) for 
thrust 

bar (lc) 
See  also  /   (lc)   for 

fuselage 
B (cap) 

gdc) 

Gr 
Gz 

Gage 
Gas; combustion 

gases; exhaust gas 
Gross 

Grashof (number) 
Graetz (number) 

c (lc) Calibrated 

Chord 
Combustion; com- 
—bustion chamber 

Compressibility, com- 
pressible, compres- 
sion, compressor 

Coolant 
Critical 

Calibrated, 
alternate for 

Calculated 
Center of gravity 
Corrected 
Center of pressure 
Critical, alternate for 
Cross-wind 

;   Cauchy (number) 

Use cal (lc) for alter- 
nate May require care in 

definition 
Use 6  (lc)  for com- 

bustion chamber in 
gas - turbine  power 
plants to distinguish 
from   c   (lc)    for 
co:> yressor 

Mlc) 

H (cap) 

Heat; heat exchanger 
Hinge 
Horizontal 
Hub 

Higher 

See  also  r   Uc)   tor 
root 

Use primarily as ap- 

Use cr (lc) for alter- 
nate 

plied   to   heat   of 
combustion 

cai (lc) <• (lc) Incidence (angle) 
Ideal 
Indicated; observed 
Induced 
Inlet; intake; input 
Inner; internal 
Interference 

calc (lc) 
eg (lc) 

corr (lc) 
cp (lc) 
cr (lc) 

Perpendicular to plane 
of lift and drag 

C (cap) 

Co ; (lc) Jet May require care in 
definition 

<i(lc) Damping, general 

Diffuser; duct 
Discharge 

Dry 

Replace by symbol in- 
dicating axis or an- 
gular velocity, when 
possible 

Use only for the dis- 
charge coefficients of 
nozzles and orifices 

fc(lc) Kinetic 

/(lc) 

lam (lc) 

Liquid phase, 
alternate for 

Local condition, 
just outside 
boundary layer 

Lower (surface) 
Laminar 

' If italicized symbol 
is not available, it 
is recommended 
that the script ell 
be used 
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Subscript 
Symbols 

lat (lc) 
L (cap) 

Concept 

ro(lc) 

max (lc) 
min (lc) 

M (cap) 
Ma 

Lateral 
Landing conditions 
Level 
Lift 
Lower 

Mean 

Maximum 
Minimum 
Moment, in general 
Mach (number) 

Remarks 

Use primarily as ap- 
plied   to   heat   of- 
combustion 

re(lc) 

N (cap) 

Nu. 

o(lc) 

Net 

Nozzle 
Normal (perpendicu- 

lar to longitudinal 
axis) ; normal 
(force) 

Nusselt (number) 

ox (lc) 

p(lc) 

para (lc) 
P (cap) 

Pe 
PT 

Q (cap) 

r(lc) 

Initial 
Outer 
Oxidizer 

Profile (drag) 
Standard or refer- 

ence condition; 
standard sea-level 
conditions 

Zero lift 
Oxidizer, alternate 

for 

See also av (lc)  for 
average 

"When used as a sub- 
script this double- 
letter form is recom- 
mended for consis- 
tency with designa- 
tions for other 
dimensionless num- 
bers 

May  require care in 
definition 

Parasite; parasitic 

Potential 
Pressure, based on 
Profile 
Propellant; propel- 

ler; propulsive; 
tailpipe 

Parasite, alternate for 
Power 
Peclet (number) 
Prandtl (number) 

See ox (lc) for alter- 
nate 

See superscript aster- 
isk (*) for charac- 
teristic or reference 
value; see si (lc) 
for alternate for sea- 
level conditions 

See para (lc) for al- 
ternate 

Torque (propellers 
and rotary-wing 
aircraft) 

Radial 
Ram 

Recovery 
Relative 
Root 
Rotor; rotational 

Rudder 

See also M (cap) for 
moment 

May require care in 
definition 

See R (cap) for alter- 
nate 

Subscript 
Symbols Concept Remarks 

R (cap) 

Re 

s(lc) 

si (lc) 

sp (lc) 
std (lc) 

S (cap) 
St  . 

Resultant 
Rotor, alternate for; 

rotational, alter- 
nate for 

Reynolds (number) 

t(lc) 

th (lc) 

turb (lc) 
T (cap) 

Shaft 
Shear 
Slipstream 
Speed-power 
Stabilizer 
Surface, alternate for 
Standard sea-level, 

alternate for 
Specific 
Standard, alternate 

for 
Stall conditions 
Stanton (number) 

it (lc) 

»(lc) 

vol (lc) 

w(lc) 

We 
W (cap) 

xs (lc) 

y (lc) 

S(lc) 

Tail 
Tangential 
Tensile 
Throat 

Tip 
Total; isentropic 

stagnation condi- 
tions 

Turbine 
Theoretical 
Throat, alternate for 
Turbulent 
Take-off and terminal 

velocity conditions 
Thrust (for propel- 

lers and rotary- 
wing aircraft) 

Tunnel 

See th (lc) for alter- 
nate 

See  also   superscript 
zero (°) 

See also F (cap) 
force; thrust- 

for 

Ultimate 
Upper (surface) 

Vertical 
Vapor 
Volumetric 

Wall; surface 

Wing 
Weber (number) 
Wave 

Excess 

Yield 

Boundary-layer 
thickness, based on 

p(lc) 

ö(lc) 

0,1,2,3,4.... 

Density, based on 

Condition which ap- 
plies immediately 
after shock 

Station subscripts 

Undisturbed; free- 
stream 

See s (lc)  for alter- 
nate 

3 



Handbook of Supersonic Aerodynamics 

Symbols for Use as Superscripts 

Page 1-15 
April 1,  1950 

3 

A $ 

Super- 
script 

Symbol Concept Remarks 

•(Dot) First derivative, These symbols are 
with respect to written over, not 
time after, the princi- 

"(Double Second derivative, pal  symbol to . 
dot) with respect to which   they   are 

time applied 
'(Prime) First derivative, witli Used in  turbulent- 

respect to dis- flow   analysis   to 
tance; effective identify a turbulent- 
or precise value velocity component, 

e.g., it' = it — it; 
also used to desig- 
nate   the   pressure 
measured by a total- 
head tube in a su- 
personic    stream, 
e.g., P,' 

"(Double Second derivative, Commonly   used   for 
prime) with respect to 

distance 
value per unit area 

- (Bar) Mean value This symbol is written 
over, not after, the 
principal symbol to 
which it is applied 

+ (Plus) A dimensionless Commonly   used   for 
measure of the boundary-layer flow 
quantity con- and  for flow in 
sidered pipes 

"(Zero) Total; isentropic See also  subscript  / 
stagnation con- (lc) 
ditions 

* (Asterisk) Characteristic or As applied to it (lc) 
reference value; — friction velocity 
critical conditions (it*) ; as applied to 
atM=l 8 (lc) — displace- 

ment thickness  of 
boundary    layer 
(8*) 

i 
4 
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Appendix 
This Appendix is not a part of the American Standard Letter Symbols for Aeronautical Sciences, Z10.7-1950, but is 
included to assist in the use of the standard. 

)        ' 

Alphabetical Index by Concepts 

^ 

Concept 

Absolute 
Acceleration, angular 
Acceleration due to gravity 
Added; additional 
Adiabatic 
Adiabatic wall 
Advance, helical angle of 

(propeller») 
Advance ratio (propellers) 
Aileron 
Air; relative to air 
Airplane 
Allowable 
Altitude 

Ambient 

Angle 

Angle of attack 
Angle of blade (propellers) 
Angle, dihedral 
Angle of downwash 
Angle, effective helix 
Angle, helical, of advance 

(propellers) 
Angle, Mach 
Angle of sideslip 
Angle of sidewash 
Angle of sweepback 
Angular acceleration 
Angular momentum 
Angular velocity; circular 

frequency 
Area, cross-sectional 
Area, surface or projected 
Aspect ratio 
Available 
Average 

Barometric 
Base 
Basic 
Bending 
Blade 
Blade angle (propellers) 
Blade width (propellers) 
Body 
Boundary layer, displace- 

ment thickness of 
Boundary layer, momentum 

thickness of 
Boundary-layer thickness 
Burner, burnt 

Calculated 
Calibrated 

Cauchy (number) 
Center of gravity 

Principal 
Symbols 

I      h 
\       z 

Ü 
A 
S 
A 

M 

Sub- 
script 

Symbols 

1     ad 
aw 

a 
A 

a 
av 

bar 
b 
b 
b 
b 

B 
I 

5 
b 

calc 
c 

cal 
Ca 
eg 

Super- 
script 

Symbols Concept 
Principal 
Symbols 

Center of pressure 
Chamber, combustion 
Characteristic or reference 

value 
Chord, of an airfoil 
Circular frequency 
Circulation; strength of a 

single vortex 
Coefficient 
Coefficient, section 
Coefficient, turbulence 

correlation 
Combustion; combustion 

chamber 
Combustion gases 
Compressible; compressi- 

bility; compressor; 
compression 

Components, force 

Components, velocity 

Concentration 
Conductivity, thermal 
Coolant 
Coordinate system; aircraft 

axes 
Coordinate system; earth- 

bound axes 
Coordinate system; inertial 

axes 
Correlation coefficient 

(turbulence) 
Correlation length 

(turbulence) 
Corrected 
Critical 
Cross-sectional area 
Cross-wind 

Damping (general) 
Damping factor 
Density 
Density, relative 
Derivative, first, with respect 

to distance 
Derivative, first, with respect 

to time 
Derivative, second, with 

respect to distance 
Derivative, second, with 

respect to time 

Diameter 
Diffuser 
Diffusivity, thermal 
Dihedral angle 
Dimensionless measure of the 

quantity considered 
(boundary-layer flow; 
flow in pipes) 

C 
k 

X,Y,Z 

*. y> * 

R 

L 

d 
D 

Sub- 
script 

Symbols 

cp 

c 
See 

footnote 
See 

footnote 

Super- 
script 

Symbols 

(asterisk) 

cofr 
c 

cr 

1 

^ 

(prime) 

• (dot) 

' (double 
prime) 

' (double 
dot) 

+ (plus) 

NOTE: Axis designations for particular coordinate systems may be used to connote direction (e.g., F.y, Fy, Fx; Vi, »'',, V,). 3 
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Concept 
Principal 
Symbols 

Sub- 
script 

Symbols 

Discharge 
Displacement, angular, of 

control surface 
Displacement thickness of 

boundary layer 
Distance; length 
Divergence factor of a nozzle 
Downwash, angle of 
Drag 
Dry 
Duct 
Dynamic pressure; impact 

pressure 
Effective 
Effective or precise value 
Effectiveness, span 
Efficiency 
Elasticity, modulus of; 

Young's modulus 
Elevator 
Emissivity (for radiant heat) 
Endurance 
Energy 
Engine 
Enthalpy, per unit mass or 

per unit weight; specific 
enthalpy 

Enthalpy; total heat content 
Entropy 
Entropy, per unit weight; 

specific entropy  • 
Equivalence ratio; richness 

(combustion) 
Equivalent 
Error signal 
Euler (number) 
Excess 
Exchanger, heat 
Exhaust; exhaust nozzle 
Exhaust gas 
Exit 
Exponent of polytropic 

expansion 

Factor, for comparison 
purposes 

Factor, friction 
Fin 
Flap 
Flipper 
Fluid 
Force 
Force components 

Force, normal 
Free-stream; undisturbed 
Frequency 
Frequency, circular; 

angular velocity 
Frequency, reduced 
Friction; friction factor 
Friction velocity 
Frontal 
Froude (number) 
Fuel 
Fuselage 

Gage 
Gas; combustion gases; 

exhaust gas 
Gas constant 
Geometric pitch (propellers) 
Graetz (number) 
Grashof (number) 
Gravity, acceleration due to 

Super- 
script 

Symbols 

s 

s* 
I 

X 

d 

D D 
d 
d 

\       e 
l     eß 

  '(prime) 
e 

E 
e 

e 
e 

E 
e 

ft 
f] 
S 

s 
S   R 
I   R, 

e 
e 

Eu 
xs 
h 
e 
S 
e 

n 

K 

F 
See 

footnote 

'F 

N 
00 

! • (    n 
k 

/ 

F 
Fr 

f 
i 

S 

e 

Nrr 

R 
P 

No, 
Nor 

g 

Gz 
Gr 

Concept 
Principal 
Symbols 

Gravity, «enter of 
Gross 
Gyration, radius of 
Heat; heat exchanger 
Heat-flow rate, per unit area, 

per degree, across a boun- 
dary surface 

Heat-flow rate, per unit time 
Heat transfer coefficient, 

over-all 
Helical angle of advance 

(propellers) 
Higher 
Hinge 
Horizontal 
Hub 

Ideal 
Impact pressure; dynamic 

pressure 
Impulse 
Incidence (angle) 
Indicated; observed 
Induced 
Inertia, moment of 
Inertia, polar moment of 
Initial 
Inlet 
Inner 
Input 
Intake 
Interference 
Internal 
Internal energy 
Internal energy, per unit mass 

or per unit weight; specific 
internal energy 

Isentropic factor 
Isentropic stagnation condi- 

tions; total 

Jet 
Joule's constant; mechanical 

equivalent of heat 
Kinematic viscosity 
Kinetic 

Laminar 
Landing (conditions) 
Lateral 
Length; distance 
Length correction 

(turbulence) 
Level 
Lift 
Lift curve, slope of 
Lift, zero 
Liquid phase 
Load factor 
Local conditions, just outside 

boundary layer 
Lower 
Lower (surface) 

Mach angle 
Mach number 

Mass 
Mass-flow, per unit cross-sec- 

tional area, per unit time; 
mass velocity 

Mass-flow rate; weight flow, 
per unit time 

Mass velocity; mass-flow, per 
unit cross-sectional area, 
per unit time 

Sub- 
script 

Symbols 

h 
1 

U 

u 
X 

I 

L 

L 
a 

M 
Nu 

G 

w 

eg 
g 

H 
h 
h 
h 

L 
L 

super- 
script 

Symbols 

lam 
L 

lat 

I 
L 
I 

°(zero) 

Ma 

NOTE: Axis designations for particular coordinate systems may be used to connote direction (e.g., Fx, FT, FZ) . 
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Concept 
Principal 
Symbols 

Maximum 
Mean 
Mean free path 
Mean velocity component 

(turbulent flow) 
Measure (dimensionless) of 

the quantity considered 
(boundary-layer flow; 
flow in pipes) 

Mechanical equivalent of heat; 
Joule's constant 

Microscale, turbulence 
Minimum 
Modulus of elasticity; 

Young's modulus 
Modulus, shear 
Moment 
Moment of inertia 
Moment of inertia, polar 
Momentum, angular 
Momentum thickness of 

boundary layer 
Net 
Normal (perpendicular to 

longitudinal axis) 
Normal force 
Normal strain 
Normal stress; 

stress (intensity) 
Nozzle 
Nozzle, exhaust 
Nozzle divergence factor 
Number; in general 
Numbers: 

Cauchy 
Euler 
Froude 
Graetz 
Grashof 
Mach 
Nusselt 
Peclet 
Prandtl 
Reynolds 
Stanton 
Weber 

Nusselt (number) 

Observed; indicated 
Outer 
Oxidizer 

Parasite; parasitic 
Peclet (number) 

Phase, liquid 
Pitch, geometric (propellers) 
Poisson's ratio 
Polar moment of inertia 
Polytropic expansion, 

exponent of 
Potential 
Potential function 
Power 
Prandtl number 
Precise or effective value 
Pressure 
Pressure, center of 
Pressure, dynamic; 

impact pressure 
Pressure, relative 
Pressure, static 

Sub- 
script 

Symbols 

E 
G 
M 

1 
J 
H 

N 

A 
A' 

No. 
NEU 

Nrr 
No, 
Nor 

M 
Nu. 
Nx» 
Nr. 
NPr 

R 
NB. 
Na, 
Nw. 

JVV 

P 

P 
NPr 

Super- 
script 

Symbols 

m        —(bar) 

M 

N 
N 

Cu 
Eu 
Fr 
Gz 
Gr 

Ma 
Nu, 
Pe 
PT 

Re 
St 

We 
Nu 

o 
0 

ox 

p 
para 

Pe 
I 
I 

-(bar) 

+ (plus) 

P 
Pr 

P 
cp 

'(prime) 

Concept 
Principal 
Symbols 

Pressure, total-head (meas- 
ured by total-head tube) 

Profile 
Projected area; surface area 
Propellant 
Propeller 
Propulsive 

Quantity of heat 
Quantity of heat per unit time 
Quantity of heat per unit mass 

or per unit weight; specific 
quantity of heat 

Radial 
Radius 
Radius of gyration 
Ram 
Range 
Ratio of specific heats 
Recovery 
Recovery factor 
Reduced frequency 
Reference (or standard) 

conditions 
Reference (or characteristic) 

value 
Relative 
Relative to air 
Relative density 
Relative pressure 
Resultant 
Revolutions, per unit time 

Reynolds number 
Richness; equivalence ratio 

(combustion) 
Root 
Rotor; rotational 
Rudder 

Scale, turbulence 
Section coefficient 
Shaft 
Shear 
Shear modulus 
Shear strain 
Shearing stress 
Shock, condition which 

applies immediately after 
Sideslip, angle of 
Sidewash, angli of 
Slipstream 
Slope of lift curve 
Solidity (propellers) 
Sound, velocity of 
Span 
Span effectiveness 
Specific 
Specific enthalpy; enthalpy 

per unit weight 
Specific entropy; entropy per 

unit weight 
Specific heat, at constant 

pressure 
Specific heat, at constant 

volume 
Specific heats, ratio of 
Specific internal energy; 

internal energy, per unit 
weight 

Specific quantity of heat; 
quantity of heat per 
unit weight 

Sub- 
script 

Symbols 

<2 
9 

R 
y 

Vr 
k 

n 
R 

\  NK 
R 

R, 

Super- 
script 

Symbols 

Re 

(prime) 

(asterisk) 

sp 

r> 

f   

f 

A     ' 
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<TN 

<2> 
; ^ 

^N 

^i> 

• 

i 
J 

Principal 
Concept                   Symbols 

Sub- 
script 

Symbols 

Super- 
script 

Symbols 
Principal 

Concept                   Symbols 

Sub- 
script 

Symbols 

Super- 
script 

Symbols 

Specific volume; volume per 
unit weight 

Speed-power 
V 

Turbulence exchange 
coefficient 

Turbulence microscale 
Turbulence scale 
Turbulent 
Turbulent-velocity 

component, particular 

Ultimate 
Undisturbed; free-stream 
Upper (surface) 

Vapor 
Velocity 
Velocity, angular; circular 

frequency 

Velocity components 

Velocity (mean) component 
(turbulent flow) 

Velocity (turbulent) 
component, particular 

Velocity, friction 
Velocity, lateral component of 
Velocity, longitudinal 

component of 
Velocity, normal component of 
Velocity, mass; mass-flow, 

per unit cross-sectional 
area, per unit iime 

Velocity of sound 
Velocity (conditions), 

terminal 
Velocity vector, magnitude of 
Vertical 
Viscosity, absolute; viscosity, 

coefficient of 
Viscosity, coefficient of; 

absolute viscosity 
Viscosity, kinematic 
Volume 
Volume, per unit mass or per 

unit weight; specific volume 
Volumetric 
Vortex, strength of a single; 

circulation 
Vorticity 

Wall; surface 
Wave 
Wavelength 
Weber (number) 
Weight 
Weight per unit time; 

mass-flow rate 
Width, blade (propellers) 
Wing 

Yield 
Young's modulus; modulus 

of elasticity 

Zero lift 

e 
\ 
L 

s 
s 

t     c 
S 

I       o 
1   std 

\     si 

Stagnation conditions, 
isentropic (zero) 

turb 

(prime) 
Standard (or reference) 

a conditions 
Standard sea-level conditions 00 

1 
P  ( 

u 

V 

1 
Static pressure 
Station subscripts »,1,2,3,4,... 

St 
\ 

N„, 
e 
1 

F 

a 
T 

S    v 
\     V 

(    n 
a 
V 

w 

Strain, normal 
Strain, shear i 

Stream thrust; thrust 
(combustion) See 

footnote 

[ 

t 

Stress, normal; stress 

-(bar)                   1 
i 

' (prime)                ' 

Stress, shearing 

! •.   s 
A 

Surface area; projected area u* 
V 

u 
w 

a 
\ a 

Sweepback angle   | 

Tail t 
p 
T 
i 

1 
I 

Tailpipe 
I 

Tangential 
Taper ratio 
Temperature, absolute 

i 

7 r 

e 

I 
1 

Temperature, general 
Temperature ratio 
Tensile 
Terminal-velocity conditions 

T 
( I 

t 
T 
th 

w I 
V 

' 

A» 
V 

V 

V 

Thermal conductivity 
Thermal diffusivity 

k 
a 
t 
« 

S* 

$ 

F 

T 
f       t 

1 

Thickness of boundary layer 
Thickness (displacement) of 

boundary-layer 

s   

vol Thickness (momentum) o£ 
boundary layer 

Throat (   t 
I th 

F 

T 

  V 
a 

i 

Thrust; steam thrust 

to 
W 

We 

«-• 

y 

1 

Thrust (propellers androtary- 

\ 

W 

tv 
b 

t 

Q 

t 

Tip 
Torque (propellers and rotary 

wing aircraft) 
Total; isentropic stagnation 

0(zero) 

' (prime) 
Total-head pressure (meas- 

ured by total-head tube) 
Tunnel T 

t E 
Turbulence correlation 

R 0 

NOTE: Axis designations for particular coordinate systems may be used to connote direction (e.g ., v„ V» V,). 
' 

«5««ta 



Page 1-20 
April 1, 1950 

Handbook of Supersonic Aerodynamics 

.> 

<A 

Recommended Designations for 

Forces, Moments, Coefficients, etc 

Concept 

Designation 
commonly 

used in 
the past 

Recom- 
mended 

Designation 

Force F F 

Moment M M 

Airplane axes X,Y,Z X,Y,Z 

Angle of pitch e 0 

Angle of roll <t> <t> 

Angle of yaw * * 

Pitch velocity 9 b 
Roll velocity P & 

Yaw velocity r * 

Force components ) FxFrFz 
\L D N 

\ FxFyFz 
\L D N 

Moment component (pitch, 
roll, yaw) M L  N MaMM. 

Force coefficients Cj, CD CM 
\ CxCyCz 
\ Ci,Ci>Cx 

Moment coefficients Cm Cl Cn 6    <f>   y 
Contribution of a constant 

pitch angle Cm$ c$e 
Contribution of a constant 

roll velocity C« \p Cnp c •    c  • 

Contribution of a constant 
yaw velocity C tr Gnr cw> cw 

Helix angle-in roll P6 i>b 
2» 2« 

\ 

. "T 

3 
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Addendum to Section 1 of Volume 1 of the Handbook of 
Supersonic Aerodynamics, NAVORD REPORT 1485" 

In Section 1, Symbols and Nomenclature, of Volume 1 there 
appears a verbatim reproduction of the American Standard 
Letter Symbols for Aeronautical Sciences. On the last page of 
this list of Letter Symbols (page 1-20 of the Handbook) there 
appears a list of "Recommended Designations for Forces, 
Moments,. Coefficients, etc," about which the American Stand- 
ards Association comments in its Foreword to the above 
mentioned Standard as follows: 

"The subject of moment designations, moment- 
coefficient designations, etc. is definitely contro- 
versial, but the subcommittee has agreed to recommend 
a system (see page 19)." 

It appears that this list of Recommended Designations has 
been variously interpreted, and therefore the Handbook Review- 
ing Committee and Handbook Staff have prepared a table which 
they believe indicates the interpretation that was intended by 
the compilers of the original list. This interpretation is 
given on the reverse side of this sheet, and it is suggested 
that this sheet be inserted opposite page 1-20 of Volume 1. 
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OLD AND NEW DESIGNATIONS FOR FORCES, 

MOMENTS, COEFFICIENTS, ETC. 

(An interpretation of the "Recommended Designations" 
appearing on page 1-20 of the Handbook of 

Supersonic Aerodynamics, NAVORD REPORT 1488, Vol. 1) 

1. Using Airplane or Missile Axes (See page 1-12) 

v \ 

Axes 

Force components along 
axes 

Force coefficients 

Velocity components 
along axes 

Rotation about axes 
(roll, pitch and yaw) 

Rotational velocity 
about axes 

Moments about axes 

Moment coefficients 

Old 
'- — — 

New 

X Y Z X Y Z 

F 
X 

or X 

F 
Y 

or Y or Z 

p
x 

F 
Y 

pz 

°x Czor 

-CN 

°x cY cz 

U V w U V w 

0 0 * 0 0 ^ 

P q r * 
o 
0 * 

L M N M0 M© M^ 

ci 
C 

m 
C 

n C0 c© ty 

2. Using Wind Axes 

Force components (drag, 
cross-wind force, lift) 

Force coefficients 

Old New 

D C L D C L 

CD 
cc 

* 
°L CD 

cc CL 

"fc 
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3. Other Usages for Primary Symbols 

Page 1-20C 
1 October 1950 

In accordance with the foregoing lists of hew symbols it 
is recommended that the appropriate new symbol for the primary 
concept be used in the appropriate formula. For example, 
instead of using E£. for the helix angle in roll, the recom- 

2v . 7 

&> . 
2u mended formula is 

4. Symbols for Subscripts 

In accordance with the foregoing lists of new symbols 
3    involving subscripts, it is recommended that the appropriate 

new symbol for the primary concept be used as a subscript, or 
double subscript, instead of the old primary symbol. For 
example, instead of using C  to indicate the contribution of 
yaw velocity to the rolD.ing moment coefficient, the recom- 
mended symbol is C^t. 



Handbook of Supersonic Aerodynamics Page 1-21 
April 1, 1950 

€ 

American Standards 

/'  A      ,    A 

The standard in this booklet is one of more than 1100 American Stand- 
ards approved to date. 

These standards represent in each case general agreement on the part 
of maker, seller, and user groups as to the best current industrial prac- 
tice with regard to some specific problem. The completed standards cut 
across the whole fabric of production. Manufacturers, consumers, tech- 
nical, and governmental agencies are represented on the committees 
which set up these standards. Many hundreds of groups throughout the 
country are taking part in the work and the completed standards are 
used widely by industry, municipal, state, and federal governments. 

The American Standards Association, Incorporated, under whose aus- 
pices this work is being done, is a federation of 100 trade associations, 
technical societies, and consumer organizations maintained by industry 
as a clearinghouse for standards and to promote their development and 
use. 

For a free list of all standards approved to date write: 

American Standards Association 
Incorporated 

70 East 45th Street New York 17, N. Y. 

•wtqtt^y^vmn rn-a mIMt, 

••!"• 



- tt^io    L-n 

r- 

Handbook of Supersonic Aerodynamics            Contents Page 2.1 
 : January .1, 1949 

SECTION 2 •- FUNDAMENTAL EQUATIONS AND FORMULAE 
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SECTION 2 - FUNDAMENTAL EQUATIONS AND FORMULAE 

SYMBOLS 

The following symbols are used in the material appearing on 
pages 2.1-2.35 of Section 2. 

a = velocity of sound 

A • area; also a factor of proportionality, as in 
p - APr 

f JA 

el 

ft V 

A, B » successive states of a gas, as in   I     dQ/T 
4 

A = a general vector function 

Cp = specific heat at constant pressure 

cv = specific heat at constant volume 

e » base of natural logarithms 

E = internal energy 

, e2, &2,    s quantities defined by the equation 
ds2 = ej d©| + e| d©| + e| d©| where 
ds is the differential element of length 
and de^» d©2> 

dö3 are differentials 
of the coordinates in a general orthogonal 
coordinate systemc 

g « acceleration due to gravity 

h « enthalpy 

K » a constant of integration 

< 1 * length 

m = mass flow rate; also mass 

m a mass flow function 

M B Mach number 

M* » q/a* 

1 
I 

N B molecular weight 

1. " - p B pressure 

q = magnitude of the velocity 

€• 
i 

883275 O- 50 - 3 
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q -  the velocity vector ) 

"q • ultimate or limiting speed 

qn *» normal component of velocity 

qr <= radial component of velocity 

j qt = tangential component of velocity 

Q = heat 

V r = radial coordinate of a point (see Fig. 2.10) 

r = a particular value of r (see Fig. 2.10) 

s = length along a curve 

S = entropy ^) 

t = time 

T c temperature 
u, v, w = x-, y-, z-components, respectively, of velocity 

v «= y-component of velocity? also specific volume 1/P 

V = volume 

W = work 
x, y, z = the rectangular coordinates of a point 

X, Y, Z « x-, y-, z-components, respectively, of the external 
force acting on a unit mass. 

j\ a = angular coordinate in cylindrical and spherical ~) 
" '  '• - '    coordinates 

ß = angle between a shock front and the flow before the 
shock 

T «= ratio of specific heats 

T = circulation 

i 

i 
i 

R       3 u  .  _3v + _aw . div ^ 
9x     ay     3z 

A ^ increment, thus   Ap = p2 " Pi 

O 
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the angle between the direction of flow and a 
selected reference direction* also the co- 
altitude angle in spherical coordinates. 

e-i, e2» Qo = general orthogonal curvilinear coordinates 

l£, 0^, ~9^> = unit vectors in the direction of increase of 
©1, ©2» and ©3, respectively 

@ * flow density 
u 1  absolute coefficient of viscosity; also Mach angle. 

-rv p m density 

°" = strength of a source distribution 

2 = a boundary surface 
0 = the velocity potential; also the angle of expansion 

in the flow around a corner. 

d> = a general scalar function 

\|/ = the stream function 

ÖJ = the vorticity vector (curl q) 

CüX, cuy, (üz  = the x-, y-, z-components, respectively, of the 
vorticity. 

*%> Subscripts: v      - In addition to the subscripts whose meanings are defined 
above, subscripts are used as follows: 

Literal subscripts denote partial differentiation with respect 
to the indicated variable, thus u+ • 3u/ 8t, Exceptions to this 
usage are found in the symbols list above. 

Other subscripts denote the conditions indicated below: 
0 stagnation state 
1 value before a shock front 
2 value after a shock front 

The superscript * denotes critical value. 

$ 
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SECTION 2 - FUNDAMENTAL EQUATIONS AND FORMULAE 

SUMMARY 

Derivations and discussion of conditions under which the equa- 
tions hold are to be found on pages 2.1-2.35. 

Equations of Continuity for Source-Free Flow 

i 3£ + div q = 0 
P dt 

For steady flow 

£ <P») + -fj CPv) + -£ (Pw) = 0 

The condition that a fluid he incompressible 

div q 3u . _Qv     _9w „ o 

One-dimensional case« compressible, steady flow. 

PqA = const. 

The Navier-Stokes Equations for a Viscous Fluid 

du    __      i j£ + I£-§l + £v^^ 
dt "X" "P^      3P3x     PV 

dv     Tl.lj£ + I£ Jl + V^ 
dt"Y pTy+3P3y     PV 

(2.1c) 

(2.Id) 

(2.1e) 

(2.If) 

(2.2a) 

at"2"    P3z    3P   a«    P 

To obtain the Euler equations for non-viscous flow, put 
•p. = 0 in Equations (2.2a). 

Vector form of the Euler equations, unit mass force negligi- 
ble 

4t + grad#-qx  curl t - -| grad p (2.2d) 
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The Vorticitv (^ ) 

w = curl q . In rectangular coordinates, 

cox = 8w _ 9v 
9y   3z 

ÜJ 
3u _ 9>T 
3z " 3x 

0Ü. _3v _ _9u    (2.3) 
3x  9y : 

For the vorticity components in other coordinate systems, see 
Equation (2.29). 

Thermodynamic Definitions and Relations 

For a perfect gas 

pv»a RT 
N 

(2.4a) 

ten the external pressure is equal to the fluid pressure 

dQ » dE + pdV 

For a reversible transformation 

TdS * dE + pdV 

For a perfect gas 

dQ = CydT + pdV 

Adiabatic processes 

p « APY 

Definition of enthalpy, per unit mass 

h = E + pv 

dh * dQ + vdp 

dh = TdS + vdp 

In adiabatic .processes 
dp 0 PfCP)dP 

dh = vdp « -£• -  p 

BgrnouUjJs Formulae 
For steady, non-viscous, isentropic flow 

^2 + h - %&• 

(2.6a) 

(2.6b) 

(2.6c) 

(2.7c) 

(2.8a) 

(2.8b) 

(2.8c) 

(2.8d) 

(2.9b) 

J 

1 

O 

"irjw\i<ft**-"w»w    *'•• 
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$ 

V ' 

1 

For isentropic, irrotational flow 

£q2 + 0t + h - ^2 

For an adiabatic process, perfect gas 

Y      P0 
^2 + Y^-l F « ^2 

Y-1P, 

q -/ 2Y      Po 
»r - i pn 

q2 = cl2 
Po 

Y-l 

r + l q VY + i\p0j   a°Vm: 

yY^i^^^^" 

Y 
2    NY-1 

P0     \TTT 0.528 

p* 
P0       \Y 

2  \"r-i 
—) + 1/ 

0.634 

rp* 
{_£_)= 0.833 

for Y -  1.400 

for Y » 1.400 

for Y • 1,400 

The Mach Number and Mach Angle 

V- * sin* •Xt) 
M*2,       (Y + 1) M2 

(Y - 1) lr + 2 

(2.9c) 

(2.12a) 
and (2.12b) 

(2.13) 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

(2.18)- 

(2.19) 

(2.20a) 

3 

—wy^l^-a-ti..—TTn ym* vntw- •**•-*•--< 
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M2 
2M*2 2q< 

(Y + I)'*- (Y - DM*2  (Y + D a*2- (Y - D q2 
(2.20b) 

~*^ 

Y - 1 
M2 + 1 

Y 
Y-l Y + 1 

(Y + 1) - (Y - 1) M*2 

Y 
Y-l 

(2021) 

The Circulation of a Fluid. Irrotational Motion 

T = (p (udx + vdy + ijfdz) 
^C 

Stokes' theorem 

(2.22a) 

a (udx + vdy + wdz) =  / / ( cux cos a +   wy cos ß +    <oz cos Y) dS 
C 2 (2.22c) 

Condition for irrotational flow 

wx =   cüy =   cuz   =0 

General Vector Equations 

1 el   3«i        ^ e2   362        •* e3   393 

div A • Jle2e3 

9Aie2e3        SAaeje^        SA^ej^ 
3©! 3ft 39 3   J 

(.2.23) 

(2.27) 

(2.28) 
1 

curi I - e, -i- fJ4^a2 - ~i^2 

(2.29) 
2    J 
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(~ ' Basic Partial Differential Equations for Isentropic, Steady Flow 

\       a2Jdx      V       a2J3y      V       a2/52      a2V3y     axJ 

For irrotational flow 

- 2«Syz M - 2«lzx Ml -• 20^ M . o (2.31) 
a2 a^ a*1 

In cylindrical coordinates 

2 Mr rt p Mr p. g Ma «      + *r  L   .     0a 

(2.32) 
In spherical coordinates 

„rr. (i - |\ + !n (x. *)• ^V (l" TI-V) rr \   a2 /   r2 V   r2a2 /  r2sin2e \   r
2a2sin2e/ 

r2a^      r a sinre 

. 2 Jt- «* + 2 & + .% « 
r4a2sin2e ^    r   xOa* ® 

+ 
09cose + _?£  02 + 0e

o
C°fL 02 . 0    (2.33) 

r2sinG  r3a2sin2e a  r4a2sin3e a 

• i1iiiir^_r T n r j - - -|—7 i •  " 

•L 
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Equations for the velocity potential(0)and the stream 
function (vf/) 

In axially symmetric flow 

0. xx (l --SV 0 
,2/ 

02N 0^.0»       0r 2 *xr -^T + f " ° a r 

•-t-fefeT •?]*•» t-^)2*»! 
+ 2 (rpf)     *** *x ^ 

In plane flow 

*2 

-&- 0 

(2.34-) 

(2.35) 

(2.36) 

D 

i   :    i \ 

+ 2 \pa)  ^xy ^x ^yn0 

The hodograph equations in two~dimensional flow 

(2.38) 

(2.39) 

q2*^ + <i(1 + :Ji) *q 
+ (l-^ * q<i ee 

C2.40) 

Formulae for Isentropic Channel Flow 

T 
T 
° = 1 + Y - 1 „2 (2.4-1) 

3 

j ^^T**SfC3tv^&&mmrc%&v 
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(2.42) 

i l ** 

f 

5 

T    e x _ I " 1 M*2 

V 

Y + 1 

Y 
Y-l    2N Y"X 

rr 2 
1 

P0        / Y - 1     ?N   Y"1 J> „  (i + I i M2 

P V 2 

P    = 
Po 

P 

2    V a, o 

x 2     \ a. 

Y-l 

Y-l 

(2.4-3) 

(2.44) 

(2.45) 

(2.46) 

(2.47) 

^ 

L^d-I^im*2^"1 

Y + 1 

p0      V        T+l 

1 
Y-l 

Laval Nozzle Equations 

m ss A 2Y 
PnPnf^ 

X2/Y r 

m 

Y-l^oVpoJ 

/ / 2 \ Y/Y"1 
ls maximum for   p/P0 "l^J 

(2.48) 

(2.49) 

(2.51) 

^.ilMPMO-j (^»"W^'W 
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m 
(2.52) 

2T 
Y - 1 ^HB 

Y-l" 
Y 

e A*j Y - 1 \Y + lj 

Y+l 
Y-l 

(tft-ltf] 
(2.53) 

(feT-itM1**^ 
Y+l 
Y-l 

(2.54) 

Prandtl-Keyer two-dimensional steady flow around a convex corner 

(2.56) 

f'- 

K*2« 

V Y + 1    / 

(Y + 1) - 2 cos2(yr^l 0) 

~Y-1) co& (jzkl 4} 

-Y^-HV^?^) 

qn 
B  a* cos1 

M< 

Y + 1 

COS' 
w 

:(-Vf^? «)] 

JL 
Y-l 

(2.57) 

(2.58) 

(2.59) 

3 

3 

3 

3 
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2 0 = arc cos [-^sl#»"MtT-(H,"i"D 
M*2'J (2,60) 

The equation of the streamlines 

jcos^y r = r 
Y + 1   / 

Y+l 
Y-l 

0. n 
max      2 V£ n 

©max = ^max "  2 

Plow over a two-dimensional cxirved surface 

6l - e - f(^x) - f (V-) 

f (*) syrli tan-l(ySi tan *)   - * 

g(P-) 

PX     eC^i) 

iih2^ 

(2.61) 

(2.62) 

(2.63) 

(2.64) 

(2.65) 

Y - COST 

Y 
Y=I (2.66) 

Plane Shock Wave Relatigns for ^-Dimensional  Steady Flow, 

qin      Pl\p2 - Pii    Pi AP 

^in 
Px Ap_ 

pT   AP 

(2.72) 

qlnq2n " -£p 

Ap « - Pi^m A qn 

«MfpH* 
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Rankine-Hugoniot relations 

P2  (Y + 1) P2 - (Y - 1) P- 

P!  (Y + 1) Px - (Y - 1) P2 

£2  (Y + 1) P2 + (Y - 1) Pi 

Pi " (Y - 1) p2 + (Y VI) Pi 

The angle between the shock front and the direction of 
flow before the shock 

(2.73) 

(2.74) 

!in2ß 
[CY - 1) + (Y + 1)~1(Y - 1) 

.  pl-l    

4Y 
Plo Y 

Pi 
- 1 

tan ß (Y - 1) P! + (Y + 1) 
 ^— tan (ß - 6) 
(Y - 1) p2 + (Y + 1) ~- 

22 
Pi 

(2.75) 

(2.76) 

Flow relations before and after the shock 

AP 
AP .*- ^ 4 Y + 1 

(2.77) 

y+i /pi \ 
p lo Y-i VP1O; 

4 Y sln2ß     / YV 

(Y+l)2 \Y+1 

2 
i\   (1 4- * Y sin2ßyPl^ 
-li    \ (Y-l)2     iVpJ 

1=1 
Y 

Y + IV 1 

lo (KS) 
/P      N^*1 

(fe) 

'lo 

loj 
Y-l 

-fe)   (-*) 

(2.78.) 

(2.79) 

1 

3 

;wV»'*'*v^^s~i-*ittjatn^a^.fe- -v •> - 
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1 + ~- cot2ß [" 4 Y sin2ß 
•lo 

lo 1 - 
(Y+D< 

/Y-l\2 /   ^ Y sin2ßN Tx 

(m)  fl + ^^ (Y-l)2   /Tlo 

•lo (2.80) 

Y 
The Prandtl relation 

qxq2 

(2.81) 

3 The entropy change 

S2 - Sx - R 
\Po« I 

(2.82) 

;' 

The stagnation pressure ratio 

1 

P2o    2Ü 
Plo C • 

(WHO 
Y-l   -X- 
~1 Y-l 

Y-l 

\Plo 
ll+l—)    (cot2ß 

Y-l 

Y-l- 

4Ysin2ß JÜ\2(1+ fSÜäY 2L.Y 
(Y+l)2  W/ V       (Y-D2^Plo' 

Y-l 

For normal shock 

Pn     "   Y-l\Ploj 

Y        1 \Plo/ 

Y-ln -Xr 
n Y-l 

Pi 
r ££1 i 

4-Y        [Mr    Tf=T 
CY+1)2      \Ploj 

(2.83) 

(2.84) 
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J2o ^n ^ 
i 

P70   \J^I\    K-^. 
Y=I    X    Y+A 

Mi 

1 
|Y-1 

LMf -   U 
(2.85) 

Rayleigh's Pitot tube formula 

1 
vY=I 

Pi    . \Y 

*>2o 

(2.86) 

2 1/ 

Flow Density   (Q) 

© = 
P*q* 

Y+ll* 

M 

I=1M
2
+I) 

Y+l 
2(Y-l7 

The Mass Flow Function  (m) 

= ZTJXM • M l" 1 + £r M2
J ö m 

(2.87) 

(2.88) 

-J 
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SECTION 2 - FUNDAMENTAL EQUATIONS AND FORMULAE 

The material appearing on pages 2,1-2,35 was prepared for the 
Handbook of Supersonic Aerodynamics by N, Edmonson, Jr. at the 
Applied Physics Laboratory of The Johns Hopkins University, 

1. Equation of Continuity 

The equation of continuity is the mathematical formulation of 
the principle of the conservation of mass, 

z 
Consider an element of volume 

AV containing the point (x,y,z), at 
the time t, bounded by a closed 
surface 2 , 

Let cr (x,y,z,t) be the strength 
or intensity of a source distribu- 
tion in the fluid. This means that 
at (x,y,z) at time t, fluid i3 being 
added, positively or negatively, at 
the rate of o- units of volume per 

v  unit of time. 
Pig. 2.1      ' 

The mass of the fluid in the element of volume is 

AV 

/p 

where the integration is extended over the volume. 

The rate of change of this fluid mass is 

kJJJ --M dP 
dt 

dV 

AV AV 

The fluid added to the element consists of two parts-, 

a. The flux through surface 2 is given by 

.-// 
P<ind 2 

X 
883275 O - 50 - 4 
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where qn is the component of. the velocity q normal to the sur- 
face. The positive direction of the normal is outward. 

Prom the divergence theorem 

ff pq»a 2 k Iff [£ <pu> + &(pT) 

2 AV 

+ 5- (Pw) dV . 

v 

^ 

b. The fluid added by the source distribution is given by 

/// 
po-dV    . 

AY 

Hence 

/// 
|£. + ± (pu) + M. (Pv) + JL (Pw) 
dt     dx dy oz 

dV « 0 . 

AY 

Ail quantities in the integrand are assumed continuous. There- 
fore as the element of volume AV is contracted down to the point 
(x,y,z) 

|£- + #- (Pu) + ~ (Pv) + |- (Pw) - P^ 
3t  3x      oy      Oz 

or in terms of the divergence of "q 

i ££ + div q - o- »0 . 
P dt 

For a source-free fluid flow 

For a steady source-free flow, SUE. « o, and c 
dt 

|. (PU) + |L (PV) + ±  (pw) - 0 . 

0, 

(2.1a) 

(2.1b) 

(2.1c) 

(2.Id) 

~J 

1 

•**£*/ 

irrirwiTivri TTirrmi''V""i"" "'.>*•- 

--•—»    *_ -*. 
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It follows from Equation (2.1c) that the necessary and 
sufficient condition that a fluid be incompressible is 

divf «|u+|s:+Jb£,o. (2.1e) 
ox      ay  oz 

For a one-dimensional, steady, source-free flow on integrating 
the flow across two sections 21 and 22 perpendicular to the flow, we 
have r 

«/Pl^l^l " yP2u2dA2 c ° • 

Si        22 

The integration is done over the sections "Z^  and 22 throughout 
which Pi, ui, P2 and u2 are constant, hence we have 

P^lAl - P2^2 , 

or, for flow of this type, 
PqA « const, (2.If) 

which may be written in differential form as 
dp. + M + dA „ 0 (2.ig) 
PqA • 

See references? 2.1, page 455 2.2, page 142$ and 2.3, page 2. 

2. The Navier-Stokes Equations for a Viscous Fluid 

Consider an element dV of the fluid at (x,y,z) at the time 
t. The mass of this element is PdV. The unit mass force (X,Y,Z) 
acts on this mass to produce a force having the components 

PXdV , PYdV , PZdV . 

This force must be carefully distinguished from the inertial force 

p £| dV , P $h dV s P ^| dV , 
dt2      dt2       dt2 

due to the mass of the element. 

The absolute coefficient of viscosity V- is dependent on the 
temperature and, because the viscosity forces are due to the shear- 
ing of the fluid, has the dimension ML"1 T"1 , where M, L and T are 
the units of mass, length and time, respectively. 

The ratio It   is the kinematic coefficient of viscosity. 
P 
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The pressure    p    is the arithmetic mean of the normal pres- 
sures acting on any three mutually perpendicular planes through 
the point  (x,y,z). 

After these preliminary remarks, the Navier-Stokes equations 
for the motion of a viscous fluid are written: 

du     „ 1 3p      1 u 86 ^ u     2       ^ 

dt P öx      3 P 8x      P  v 

dt P dy     3 P 3y     P 
(2.2a) 

52 - z ~ 
dt P 3z      3P3z-Pvw 

where 

and 

ax      By     dz 

a2 v2   a2     a2 
V     e   Ü    + Ü     + 

9x2     9y2      3Z2 

If the fluid is assumed incompressible, div "q » 0 , and the 
Equations (2,2a) become 

du     v 

dt 
-i3P + £V2u 

p ax    p 

dv 
dt 

_Y„ -i^ + gv 
p ay (2.2b) 

For u 

Ä - Z - - i ^ + £V2w 
dt P3z      P 

the Euler equations result from  Equations  (2.2a) 

"A du  „ 
dt ~* 

- V m    - 

ia_p 
p ax 

l ap 
p  3y 

dv 
dt 

dw    „      i a? 
dt " z " " P a£ 

(2.2c) 

o 

«£«{$*.? 

$' 
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; 

C^) In a majority of cases in fluid flow problems, the effect 
v- of the unit mass force can "be neglected. In these cases the 

Euler Equations (2.2c) can he put into a useful vector form 

qt + grad SC - q x curl q « - ± grad p .     (2.2d) 
2 P 

Here cu. « 2£ . It mußt be remembered that JL is the total 
ot dt 

derivative operator. Thus, for example 

i ;. u+. « ÜH v ' * at 
v„j. du  3u .  3u ,  3u ,  3w but — »-r— + U-T- + V-T— + w 

dt  3t    dx   3y   B z 

In Equation (2.2d) curl q is a vector derived from q and is 
identical Yfith the vorticity w . In rectangular Cartesian co- 
ordinates, it has the components 

"x    a?    a* '       y    dz    dx'*       z   ax   a7 
C2'3) 

See References« 2.2, pages 262 and 36I; 2,3, page 57I. 

3» Thermodynamic Definitions and Relations 

a. The general equation of state 

The thermodynamlc system here considered is a mass of a 
compressible fluid, e.g., a mass of a gas. The measurements made 

Con the system are of the pressure p, the volume V, and the 
)       absolute temperature T. These are not independent quantities, 

\j • but are functionally related by the equation of state; 

f(p,V,T) - 0 . 

A state of equilibrium of the fluid is a state that does not 
vary so long as the external conditions do not change.. 

A change of the fluid from one equilibrium state A to another 
such state B is said to be a reversible change if the transition 
from A to B is made through a continuous succession of states dif- 
fering only Infinitesimally from equilibrium states. Otherwise, 
the change from A to B is said to be irreversible. 

If the state of the fluid is represented on the (p,V) diagram, 
such transformations are represented by continuous curves. 

Witt„-M>.- 
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If the external pressure on the fluid is equal to the fluid 
pressure p, the system, during the transformation from A to B, 
can perform positive or negative external work. If W is the 
work done 

dW » pdV 

and 
W - /  pdV 

.1 

On the (p,V) diagram the work W is represented by the shaded 
area: 

VA        VB  V 

Fig. 2.2 

The amount of work is dependent on the curve connecting :A and B. 

b. The equation of state for a perfect gas 

Consider a mass m of a gas having the molecular weight N. 
The equation of state of this system is given approximately by 

pv »KB (2.4a) 

where R is a constant for all gases; its value depends on the 
system of units employed. This equation is called the equation 
of state for a- perfect gasj it includes the laws of Boyle, Gay- 
Lussac, and Avogadro. 

For a mole of the gas, m * N, and 

pV - RT . (2.4b) 

For unit mass of the gas, Equation (2.4a) may be written 

N 
RT (2.4c) 

c. Entropy 

The thermodynamic system considered is a mass of compressible 

~> 

n 
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Wk fluid. Suppose this system is taken reversibly through a cycle 
w        from the equilibrium state A back to A in some system of coordi- 

nates, such as a (p,V) diagram. 
During this cycle the system 
absorbs heat reversibly from its 
external surroundings. Let dQ 
indicate the heat absorbed at 

A    F1£e ^»3      the temperature T. 
It is demonstrated in treatises on thermodynamics that 

$ 

<5> 

T 

/ S - 0 . (2.5a) 

where j>  indicates the curvilinear integral over the path des- 
cribing the cycle. 

Consider now the integral 

•B 

/ 
£fi (2.5b) 
T 

A 

where the transition from A to B is carried out reversibly. It 
follows from Equation (2.5a) that the Integral (2.5b) is independ- 
ent of the path from A to B. For example, if the state of the 
system can be represented on the (p,V) diagram, the equation of 
the curve AB can be taken in the form f(p,V) = 0 . 

Since the value of the Integral (2.5b) depends only on the 
states A and B of the system, a new function of the state of the 
system can be defined in the following way; 

A standard state 0 is selected for the system. Then the 

S(A) 

integral 
/•A 

is Independent of the reversible transformation from 0 to A. The 
quantity S(A) is called the entropy of the system in the state A. 

Prom this definition, it follows for two states A and B of 
the system B 

S(B) - S(A) -  AQ . 

The standard state 0 may be arbitrarily selected. 
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For an irreversible transformation from A to B 

S(B) - SU) = f      &    . 
A    T 

For a completely isolated system dQ = 0 . Hence 

S(B) - S(A)^ 0 , 

i.e., for any transformation occurring in an isolated systemi  the 
entropy can never decrease. 

From here on only systems, the states of which can be des- 
cribed in terms of p, V, T and S, will be considered. These 
quantities are not independent, since it is a consequence of 
thermodynamics that any two of them can be selected as the inde- 
pendent state parameters. For the case of a compressible fluid 
where the external pressure is equal to the fluid pressure, 

dQ « dE + pdV . (2.6a) 

Here dQ is not necessarily an exact differential» For an infini- 
tesimal reversible transformation 

B. « gg + pdv = ds 
T     T 

1 

is an exact differential. It is equivalent to 

dE + pdV = TdS . (2.6b) 

^ 

As an example the entropy of a mole of a perfect gas may be 
computed. For a perfect gas 

dQ = cvdT + pdV (2.6c) 

where cv is the specific heat at constant volume. Specific heats 
are assumed to be constants. 

From the Equation of State (2.4b) 

dQ = cvdT + BE dV 

Hence 

ds «. äa e C V dT j. R dV 
I    v T   V 

S = cvlog T + R log V + const. 

3 

3 
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d. Adiabatic processes in a fluid 

If S and P are selected as the independent variables 
specifying the state of a fluid, the pressure p may be written 

p « p(P,S) ; (2.7a) 

this relation may be regarded as an equation of state for- the 
fluid. If along the path of a fluid particle S is constant, 
the changes in the fluid are said to be adiabatic. If S is 
initially constant throughout the fluid, it remains constant 
throughout an adiabatic process and 

P • P(P) . (2.7b) 

Such a process is called an isentropic process. An assumption 
justified by experiment is 

p«(P) = d£> 0 . 
dp 

For most gases the Relation (2.7a) can be written 

p = APr . (2.7c) 

In this Y = — is the adiabatic constant and A is related to 
cv 

the entropy by the formula   3 
cv A • e 

where cv is the specific heat at constant volume, and Cp is the 
specific heat at constant pressure. 

It should be noticed that in an adiabatic change in a gas, 
the effects of heat transfer and viscosity are neglected, 

e. The enthalpy of a gas 

The enthalpy per unit mass of a gas is defined by 

h => E + pv . (2.8a) 

From this 

dh -  dE + pdv + vdp = dQ + vdp . (2.8b) 

Hence for constant pressure processes, the change in the enthalpy 
is equal to the heat input. 

MäMUWt^-  „-*» A 
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i \ 

^ 

From Equations (2.6bFand (2c8b)5 

dh - vdp = TdS . 

This implies that in aäiabatic processes 

dh = vdp . dp „ P'(P) dp 
P     P 

r9 /»P 
h = /  P'CP) dp _ /   dp 

</.     p    V__ P(P)  ' 

(2.8c) 

(2.8d) 

(2.8e) 

where P and p are arbitrarily selected values. 

It is shown in treatises on hydrodynamics and on sound, that 
the quantity p'(P) measiires the local speed of sound. It is in- 
dicated by the symbol a:   n 

a2 = p'(P) . 

See references: 2.4, 2.5 and 2.6 

4. Bernoulli's Formulae 

For a steady, non-viscous,isentropic flow, the Kuler Equa- 
tion (2.2d) can be put in the form 

dq 
•££ + grad h » 0 . 

From this it follows 

* • H + \  • g^ad h - ^ (i q2 + h) - 0 

•k q.2 + h = i(u2 + v2 + w2) + h = i q.2 f 

(2.9a) 

(2.9b) 

where ^ is a constant along a,streamline, but is not necessarily 
constant throughout the flow. § is interpreted as an ultimate 
or limiting speed. Relation (2.9b) is called Bernoulli's formula 
in the weak form. It is valid for steady, isentropic, but not 
necessarily irrotational, flow.  If the limiting speed "§ is the 
same for all streamlines, Bernoulli's formula is said to be the 
strong form. 

In irrotational isentropic flow, a velocity potential func- 
tion 0(x,y,z,t) exists. The Euler Equation (2.2d) then can be 
put in the form   grad (0t + £ q2 + h) B 0 , 

^Equation (2.6b) may be written dE + pdv = TdS, v/here dE is the 
change in internal energy per unit mass and dS is the change in 
entropy per unit mass. 

) 

O 
~T 

~*r- JiJt,-a>*WU8». -Vnh.~ 
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c 

>L      w 
£ q2 + 0t + h = i (0| + 02 + 02) + 0t + h » £ Q2#  (2.9c) 

where the limiting speed "q is constant throughout the fluid. 
Kenee Bernoulli rs foraiula in the strong form is valid for an ir- 
rotational isentropic, but not necessarily steady,flow. 

See References: 2.6, Vol. II, page 981$ 2.7. 

5. Pressure-Velocity Relations from Bernoulli's Formula (2.9b) 
and the Adiabatic Formula p •= AP^ 

a. The adiabatic relation for a perfect gas 

The adiabatic relation will first be shown to exist for a 
<r-- perfect gas. For an adiabatic process in a perfect gas 

dQ = 0 = pdV + cvdT . 

For a unit mass of a perfect gas 

» = ?*>   -i • 
Hence R dv     dT 

- T + cv - . 0 . 

Since 5 = Cp - cv , an integration yields 

c    \ # 
-£ - l) log v + log T = log K, 
cv   7 

or 

or 

(Y - 1) log v + log T = log K 

T v^"1 * K 

PN     1 y- 
PR * TT^a  K # 

Hence p = W PY or p « APY 
N 

The enthalpy h becomes, from Equation (2.8e) 

h = _JL_E e (2.10) 
Y - 1 P 

# It can be shown that K is a function of the entropy. 

yetf' ^iifcJafcqjifcjAwgWM»» 1 -%*,**"*•>*• 
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^2-^. (2.11) 

Bernoulli's formula for steady flow, Equation (2.9b), now 
becomes 

Y 

b. The stagnation or reservoir pressure 

Formula (2.12a) can be written in the form 

(2.12a) 

* q< Po 
Y-lp  Y-iP, 

(2.12b) 
o 

The pressure p0 corresponds to q * 0. It is called the 
reservoir or stagnation pressure, since it is the pressure in a 
reservoir, from which the fluid would issue and accelerate isen- 
tropically to the speed q and the pressure p • 

At any point in a fluid flow a stagnation or reservoir state 
may be defined if the flow at that point is imagined to be de- 
celerated isentropically to zero speed. 

Prom Equations (2.11) and (2.12a), we have 

Y - 1 i2-tf 

3 

2Y  Po 
Y-IP, 

*L2X 
IPo 

Y-l" 
Y 

<& 

"(fc) 

Y 

(2.12c) 

(2.13) 

(2.14) 

c. The critical speed of sound 

It can be shown that there exists a unique value of a = a* 
such that q2-a

2 = 0, i.e. q *= a*. This means that along a 
streamline In a steady flovr there exists a state where the speed 
of the flow is equal to the speed of sound. This speed of sound, 
which may or may not be attained, is called the critical speed* 

Putting q = a in Equation (2.12c), we find for the tfritlcal 
speed of sound, 

># s 

2 * V Y R T, 
(2.15) 

(2.16) 

for a perfect gas. 

O 

*»*=wsV?" 
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4T)' 
Y-l 

Po 

p* 
2 xY-1 

>\f±L) 
<%* 

Y + 1 

2    - m 
Y + 1  ° 

o > 

(2.17) 

(2.18) 

(2.19) 

See Reference 2.8, Chapter 3. 

6. The Mach Number (M) 

By definition, M * q/a, where q and a are,respectively, 
the local velocity of the flow and the local speed of sound. For 
subsonic: flow,  M < 1, for supersonic flow  M> 1 arid for 
a » a*, M«l, 

The angle V-   defined by 

V- • sin"*3- 

is called the Mach angle. 

Sometimes another number is defined with reference to the 
critical sound velocity a* : 

M* * iL 
a* 

This sets up a direct proportion between the number M* and 
q. .For subsonic flow M* < 1, for the critical sound velocity 
a*, M* = 1 and for supersonic flow, M* > 1. 

The numbers M and M* are connected by the formulae: 

M*2 -  (Y + 1) M
2 

(Y - 1) M2 * 2 
(2.20a) 

M* 2M*2 2q«= 

(Y + 1) - (Y - DM*2  (Y + 1) a*2"- (Y - 1) q2 

(2.20b) 

^ MI in. sM^yttfryfcJsauyfcgwpwmn - •-•—. 
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From Equations (2.14), (2,15), (2.20a) and (2.20b) it 
follows that 

Po 

P 

r - i 
~=- M" + 1 

Y 
Y=I Y + 1 

(Y + 1) - (Y - 1) 11*2 

Y 
Y-l 

(2.21) 

It should be noticed that for an incompressible, flow, 
a =co t and M • M* = 0. The Mach number is dimenslonless, from 
its definition. 

7. The Circulation of a Fluid» Irrotational Motion 

The circulation of a fluid 
is defined by the curvilinear 
integral 

r » f    (udx + vdy + wdz) , 

(2.22a) 
Fig. 2.4 

where the integration is carried out over the closed curve C. 
This integral can be written very usefully in the vector form 

/ dr.dl 

where the vector &&   is the product of the element of length dg 
and the unit tangent vector so directed that_Jthe inside of the 
"circuit is to the left of the unit vector, "q • di denotes the 
scalar product of the vectors q" and d/ . 

1 

> 

Fundamental theorem on the circulation: 

The value of V   does not change if the closed curve 
is composed of the same fluid particles* 

C always 

dT 
dt i &   (udx + vdy + wdz) » 0 .     (2.22b) 

The circulation T is connected with the vorticity u>  by 
Stokes' Theorem: 

1 
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a (udx + vdy + wdz) • //( wx cos a + ai cos ß + OJZ cos Y) dS . 

C S 
(2.22c) 

where 2 is any sufficiently smooth surface "bounded by C and 
cos a j cos ß j cos Y are the direction cosines of the normal to 
2. 

If 
wx * wy c wz a ° » (2.23) 

the fluid flow is said to be lrrotational. 

It follows from Equations (2.22c) and (2.22b) that a con- 
tinuous flow initially irrotational remains irrotatlonal. Hence 
Equations (2.23) hold throughout t*ie flow and a velocity potential 

^        0(x,y,z.t) such that 

öx      ay       9z 

exists• 

See References« 2.1, 2,2 and 2.3. 

8. Basic Partial Differential Equations for Isentropic Steady 
Flow 

For a steady flow, Equation (2.2d) becomes 

a2  -*      ->    1 grad & q x curl q « - ± grad p .   (2.24a) 

This gives 

q . grad 4- - q • q x curl q •• - k "q • grad p * - *— q • grad P . 

(2.24b) 

The continuity Equation (2.1c) can be written 

d? dp" + v r- + w r- 
9y   <3z 

0 
c ^" q • grad P = - a2 div q .   (2.25) 

r 

Prom Equations (2.24b) and (2.25) \\ 
q • grad ^ - q . q x curl q - a2 div q » 0 .     (2.26) 

i i 
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r- 

Equation (2,26) is a partial differential equation for steady, 
compressible flow which may be readily written explicitly for a 
given orthogonal system of coordinates, .Some of the more common 
forms are given in the following section. 

To facilitate its use, the expressionb for the gradient, curl 
and divergence are given for an orthogonal curvilinear system of 
coordinates ©i, ©2, ©3 % 

The gradient of a scalar function <3> , 

Vcp . *  I1. + ti9* +"e\i-9* 1  (2.2?) 
1 ei d©i   ^ e2 9©2   

5  63 3©3 

where ©1, ©2, ©"3 are unit vectors in the direction of increase of 
©1> 62» 63. 

The divergence of a vector function A, 

div A 
ele2e3 

The curl of a vector function 

8Aie2e3  3A2e1e3  aA^^g 

3©i     3©2     3 ©3 
(2.28) 

curl X = ©n -i— 1  e2e3 

<t 
e3ei 

©-. 
3 6^2 

a(e3A3)  3(e2A2)l 
L 3©2     3 ©3 J 

p(eiAi) _ 3(e3A3)"| 
L 3©3    3©i J 

3(e2A2) _ 3(eiAi)~ 

3©i    3©2 (2.29) 

In Equations (2.27), (2.28) ana U.29;9 the quantities 
©1 * e2 » e3 are determined from the relation 

ds2 - e| d©| + e| d©| + e| d©|  , 

where ds is the element of length in. the coordinate system 
under consideration. Often ei, e2 and e3 may be quickly read 
from a figure. 

a. The partial differential equation for steady, compress- 
ible flow 

For a rectangular Cartesian coordinate system, Equation (2.26) 
yields the equation 

1 

3 
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\    a2rax   V 
Z2.^  §J. + fl - ^.\  3!+w(9s+ 3v\ 
.2/ * 2; a z      a' 2 Wy   ax; 

+ uW|u + ajj\   +vw (fZ+|a\   . o    §      (2.30) 
a^ \ 3z     3x /       a^  \ 3z     ay/ 

b. The partial differential equations for steady» 
compressible? irrotational flow 

If the flow is irrotational, a velocity potential 0 exists 
such that 

u • 0xj v m  0y , w a 0Z, 

and Equation (2.30) becomes 

O Fig. 2.5 

For an irrotational flow in 
cylindrical coordinates 

©1 " x» ©2 ** r and 83 - a 

el " x» e2 1» e- 

"and the velocity components are 
0 

iei - *x » ^©2 " 0r » qe3 ' 
a 
r" • 

O 

Equation (2.26) yields 
o o W2 

fe (1 - -|) • arr (1 - _g) + _%_ (1 - A-) 

(2.32) 
883275 O - 50 - 5 
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For an lrrotational flow in spherical coordinates (r, 6, a) 

z 
-^e/l       ©x-r   ©2-©    e3 «* <* 

Fig.2.6 /  "N.    1 

ei » 1    e2 a  r     e3 " T  sin ö 

q©! - «»r  ^©2 » | 0» *93 " F^iHe * 

örr 

Eitlen (2.26) then gives for the velocity potential 0 

4) .«a (i.4s) .2 /    ^2  \   r2a2' 

- 2 

r2a2'   r
2sin2© 

00»k 

r2a2sin2e 

- 2 -4-^ 0©r " 2 A 
r2a2 r2a2sin2© 

ur 

r4a2sin2© 
r**   +2^ + A.0i 

3.2    e 
rJa' 

0r + ÄnT + ^sIÄ^+7?slnV^ 'a - 0 

(2.33) 

c.    Equations for the velocity potential(0)and the stream 
function( jff )in axially symmetric flow 

Hence 

junctJQnj g 2S ^"Vy symmetric ^j. 

in this type of flow, Equation (2.32) is independent of a . 

0. xx (l.f)+*rr(l-f)-^ 5^ + ^» o . 
a2   r (2.34) 

If »-fc-iS»*, • *-*--*?" +x 

the function • is called the strea* function. Its partial 

o 



.J_ 

''äßiy^jii' 

-'i-j.:.* *qua-Cio- x 

^s,?? '"•  v 

vrPs/ 

Plans rlou is described zn terms nflwo Jtide,ner"<?er>i vsp-fsK?;? :•' and ye    The equation for the veloJcityTSo^ewtJsl*J.« 

Tne function   V'  defined by tue ©inxaPfctöns 

p     V y     ,       V 

4-t should be nofM    ^ ^ocU 

^-   *y 

P B o 
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i 

$ 

differential equation is 

^xx "l -   (Jof   / 
\rPaj     yr +   *//rr 

+ *   (rT5?)     *»   *x   ** - «F - 0    .                (2.35) 

d.    Equations for the velocity -potential (0 )and the stream 
function ( y) in Diane !   flOW 

Plane flow is described in terms of two independent variables 
x and y. The equation for the velocity potential is 

(i-5) + ^(1-5)-a0^>° "xx ^ 1 
a^ J ^   a 

The function ^ defined by the equations 

(2.36) 

U « 05 
Po 

* y J % 
- Po 

*: 

T 

q2 „ u2 + v2 . 02 + 02 „ / £o\ / *S.+ **) (2.37) 

is called the stream function. Its differential equation for 
plane flow is 

* xx <4 * + \jr. yy 
P.\2 

-($ 
•*: 

2(ä)   ^ *x *yC ° (2.38) 

It should be noticed that for an incompressible fluid 
p « pQ a constant, and the Equations (2.37) give 

& 

^y 

"^x . 

These are precisely the Gauchy-Riemann equations of the theory 
of an analytic function of a complex variable. Thus for incom- 
pressible fluid flow 0   and ^ are harmonic conjugates, and 
satisfy LaPlace*s equations 

**qy »T* lA^aaeao nut •fciym.itw-^-",-^, — 
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^xx + 0yy " ° > V'xx + $ yy 
The stream function ty   can "be interpreted in terms of mass 

flow.in the cases of plane potential flow and axially symmetric 
flow. Consider the plane case. The equation for a stream line 
is obtained by setting ^ » a constant. Consider an arbitrary 
continuous curve joining the points A and B on the stream lines 
^ » ^A and ^ » ty-Q where ^A and ^ß are constants. 

If the direction cosines 
of the tangent to the curve 
AB at a point P 

are 55 >  SZ .The 
ds  ds 

direction cosines of the 
._    dy   dx 

normal are ^ , - ^ 

Fig. 2.7 respectively. 

The mass flow across the curve AB is then 

B r fB 
Phi|Z - v^ds = /   P(udy - vdx) » PQ     dx// 

A ^A ^A 
I >|^B ~ ^A 

Similarly, for an axially symmetric flow, the mass flow is 

,B 

/ 
2S-Pftd^  » 2np 

since,from the figure, the flow 
through the conical element is 

2nrPqnds 

» 2lIrP (uäL - v 4^ Vs 

^    ds ds J 

«= 2HrP  (udr - vdx) 

= 2TlP0dv|/ j from the definition 
of  ty   . 

1 
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O 

s. The hodograph equations for the potential funetion(0) 
and the stream function (v^) in two^dTimensional f low~ 

Equations (2.36) and (2.38) can "be linearized by changing 
from the independent variables x and y to the independent vari- 
ables q and 9, where q is the velocity of flow at a given point 
and 9 is the angle between q and a selected reference direction. 
Changing from (x,y) to (q, 9) amounts to setting up a correspond- 
ence between the flow plane (x,y) and the velocity plane (q,9). 
It is assumed that this correspondence is a one-to-one reciprocal 
correspondence. This rules out cases such as expansion around a 
corner, where the map in the velocity plane would become a curve, 
and uniform parallel flow where the map in the velocity plane 
becomes a single point. Under these conditions the equations for 
0 and ^become, respectively, 

See References? 2.2, 2.3 and 2.7. 

&c 

ee 

(2.39) 

(2.40) 

1 i [     1 C> 

9. Formulae for Isentropic Channel Flow 

It is assumed that the flow is uniform across any cross- 
section of the channel, i.e., that the flow is determined by the 
value of a single variable taken along the center line of the 
channel» 

These formulae are obtained from Bernoulli's equation for 
steady isentropic flow. The subscript o refers to the stagna- 
tion condition. 

(2.41) 

2 
(2.42) 

M*2 (2.43) 

To s 1 + Y 
2 

1 

T 
T 

B 1 - 
Y mm 

2 
1 

T 
S 1 - Y 

Y + 
1 
1 

, * 



Page 2.22 Handbook of Supersonic Aerodynamics 

£4 + X-M2)- (2.44) 

£ -  (1 + JL=-1 M2 

P        \ 2 
Y-l 

P_ 

Po 

L. 
Po 

L. 
Po 

1" H±(-k) 

l - r -1 Li 
2     \a0 

r 
Y-l 

Y-l 

1 - 
Y - 1 

Y + 1 

Y-l 

Y-l 
M*2 

1 
\Y-1 

M*2 — »   11 - 
P0       \        Y + 1        / 

(2.45) 

(2.46) 

(2.47) 

(2.48) 

(2.49) 

10.    Flow Relations Near the Speed of Sound 

Bernoulli's Equation (2.9b) can be put in the form 

qdq + a2 ä£. « 0    . o 

For a one-dimensional flow, the continuity Equation (2.1e) 
becomes 

dp  dq  dA  _ 
P   q   A 

where A measures the cross-section of the channel at a given 
value of x. 

Eliminating dP/P between the given .equations, 

2ä (1 - M2) « - ^ . 

1 

3 

m ftftj. y i rmjss tmmasMm iw- ••--*— 
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For low speeds, M « 0, approximately, and the situation for 
incompressible fluids resultss For M > 1, the channel must ex- 
pand as q increases? and for M < 1, the channel contracts as q 
increases. 

For £& 
A 

either (a)  M 4  1 and ^q 

$ 

or ("b) M » 1 and ±& jl o , Case (a) corresponds to the incom- 

pressible case, where q reaches a maximum at the narrowest part 
of the channel. Case (b) is the case for compressible fluids, 
when q is equal to a* and will continue to increase .beyond the 
constriction in a channel. Such a constriction in a channel is 
often called a throat. 

The throat ratios of p, P and T to the corresponding reser- 
voir quantities are of particular interest: 

Po 

P* 
PÄ 

Y + 1 

Y + 1 

Ä 
- 0.528 for  Y * 1.400, A 

1 
Y=I 

« 0.634 for Y « 1.400, V (2.50) 

j* 

Y + 1 « 0.833 for Y « 1.400. 

A. 
11. Laval Nozzle Equations 

Po 

Pn D 
t 
A 

Fig. 2.9 

Suppose a reservoir of 
compressible fluid at the 
pressure p0 , density P0 

and temperature T0 dis- 
charges into a region at the 
pressure p. Let the termi- 
nal cross-section area and 
velocity be respectively A 
and q. Then the mass flow is 

m e PqA 



Page 2.24 Handbook of Supersonic Aerodynamics 

which may be written in the form 

m (2.51) 

If 3L iS chosen as the independent variable, m reaches 
Po 

a maximum value for 

Y^l 

Y + 1 

A » 
m 

2 r- 
2Y  p p I E~\ 1 - 

Y-ln 
p \ Y 

P 

(2.52) 

which may be made dimensionless by writing 

m *= P* q* ^* 
Since 

p* 

P0     VY + 1 

1 

T/YRT* *  VYRT( Y + 1 

it follows that 
4_ 
A* 

Y- 1 Y+1 

1+3- 
Y-l 

Poj H 
(2.53) 

For smaller values, m, mathematically, should decrease. This 
is physically unreasonable, therefore further decreases in p 
will not result in changing -m . It will be noticed from 
Equation (2.50) that this value for JL is exactly the critical 

Po 
value. The mass flow remains constant for all lower values of 

Po 

An expanding section may be added to the exit channel to 
obtain lower pressures and higher velocities than in the channel 
itself. Then Equation (2.51) can be written 

1 
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or in terms of M, 

U*'    M
2
 LY+ 1 v 

See References: 2.7; 2.8, page 23. 

+ X^M2 
Y+l 
7=1 

(2.54) 

12. Prandtl-Meyer Plow 

a«, Prandtl-Meyer two-dimensional steady flow around a 
convex corner 

q = a* T 

Fig. 2.10 

l- 

The convex corner is at C . The flow before C is a uniform 
steady flow with M = 1, parallel to the plane surface AC . The 
flow expands around the edge C to become a uniform steady flow 
parallel to the plane CB. The flow connecting these two plane 
flows is a centered expansion wave. It is characterized by the 
property that along radial lines from C, the velocity "? is 
constant, and as a result, the Mach number is a constant. Hence 
the flow formulae in. the expansion wave can be expressed in terms 
of the single variable 0 . The essential formulae ares 

-»•«t^^^-*.; 
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qr s q sin ' im 0 

^n 

M2 

a* cos 

U*2 c 1 + 

CY4-1) -2 cos2 W£TT:
0

) 

er -1) cos2 (y^j 0^ 

T^T sin* 

(2.5?) 

(2.56) 

(2.57) 

(2.58) 

2© = arc cos 

oos2 p, (2.59) 

(Y-I)M*2I-II . 

(2.60) 

The equation for the streamlines in the expansion wave 

r .i  [cos (V^i 4 ^ . <*•*' 
,*» Stations (2.57), (2.58) and (2.59), « follows that 

0max 
n     /Y •*• 1 e. 'max <*        - n 

»max     T * 
(2.62) 

In these formulae, the quantities q. and a* are deter- 
mined by the stagnation values pQ and P0 , as indicated by 
formulae (2.13) and (2.I5), The angle 0 is referred to the 
Mach line corresponding to q. = a* 5 i.e., to a Mach line perpen- 
dicular to the undisturbed flow. The expansion from 0 » 0 to 
0 =- 0maX °r © c 0 to ©max is called a complete wave. If the 
uniform flow along the plane AC is supersonic with the Mach 
number M]_, and expands around C to a second uniform supersonic 

1 
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flow with the Mach number M2 > M2 > Mi , the expansion wave can 
be regarded as a r>art of a complete expansion wave. The initial 
conditions for the partial wave can be determined from the Mach 
-number Mi. The final conditions for the partial expansion are 
determined by the direction of the second uniform flow having the 
Mach number M2, if the values 0 • $ma3C and © « 9^^ are not 
attained. The values 0 * $mex  and e c emax set  the upper bounds 
for the expansion wave. The initial and final conditions for the 
partial expansion wave, and the flow quantities inside the wave 
are determined from the above formulae, or more conveniently by 
tables computed from these formulae. For example, the table given 
on Page 57 of the German edition of Sauer (Ref. 2.7) might be used. 

b. Flow over a two-dimensional curved surface 

Fig. 2.11 

All formulae are based on the assumption of shock-free flow. 
The flow quantities associated with Pi in the figure are those 
back of any shock wave that may be attached to the leading edge 
of the surface. 

-**> The formula connecting the change in Mach number with the 
>->       change in the deflection angle of the flow is 

©1 - e = tiv-2.) - f(v-) (2.63) 

f(1x) „ ^XZl tan"1 (YfHt tan *) ~ * • (2*64) 

The static pressure ratio is determined by 

L. - gK°. (2.65) 
PI    gOV 

where 

„^ 
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where p-, is the static pressure at ?1    and p is the static 
pressured P. The function g(H) is determined by 

Y-l 
(2.66) g0x) e (. sin2 f   , \ 

\Y - cos^ V- ! 

13. 

The values of f(p-) and g(vO have "been calculated and 
compiled into tables (Ref. 2.9). The angles e and ©^ are 
determined from the geometry of the cross-section of the surface. 

See References« 2.7, page 54; 2.8, page 210«, and 2.9, 

Plane Shock Wave Relations for Two-Dimensional Steady Flow 

A perfect gas is assumed. 

Experimentally, it is found that discontinuities in the 
pressure, the temperature, the density and the entropy may occur 
in supersonic flow of gases approximating a perfect gas. The 
following situations are typical examples where such discontinui- 

ties occur: 
a«, If the flow impinges on a two-dimensional wedge ABC 

and if the Mach number is sufficiently high, the flow is turned 
parallel to the plane wedge surfaces AB and BC by compression 
through the surfaces of discontinuity BD and BE, as shown in 
Figure 2.12a. If the flow is supersonic, but the Mach number 
is not sufficiently high relative to the wedge angle ABC. the 
discontinuity surface will be detached from the edge of the 
wedge, as in Figure 2.12b, where DEF is the surface of dis- 
continuity. 

Fig. 2.12b 

•> 

L 
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V 

b. Since the two-dimen- 
sional flow in a convex corner 
ABC is equivalent to the flow 
over one surface of a wedge, it 
can be obtained as a special 
case by considering half of the 
flow over the wedge in the 
example just given. 

B 
Fig. 2.13 

c. If a cone is immersed, with its axis parallel to the 
direction of flow, in ä supersonic flow, the direction of flow 
will be changed through a surface of discontinuity. As in the 
case of the wedge, the surface of discontinuity may be attached to 
the vertex of the cone or it may be detached, according to the 
bluntness of the cone. If the surface of discontinuity is attached 
it has approximately the shape of a cone. In a great many cases it 
can be taken as a cone with no serious loss- in accuracy. 

. C 

Fig. 2.14a Fig. 2.14b 

d. A supersonic flow in a channel in the part C may, 
 B          because of friction and heat 

transfer effects, change to a 
subsonic flow in part D, 
through a discontinuity sur- 
face AB, perpendicular to the 
flow direction. 

D 

Fig. 2.15 

o 
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It is found compatible with experiment to assume that these, 
discontinuities in supersonic flow are mathematical surfaces of 
discontinuity for the flow quantities. These surfaces of discon- 
tinuity are called shock waves or shock fronts. By the Gallileo 
principle of relativity, it is sufficient to assume the shock wave 
stationary since the laws are the same for systems of axes moving 
uniformly relative to each other. The shock wave surface is in 
general not plane; however, it can be assumed plane "in the small". 
Under these assumptions the principles of the conservation of mass, 
of momentum and of energy, can be used to get the flow relations 
through the shock front by algebraic methods. 

Assume a plane 
shock front AB. The 
flow variables to the 
left or front of AB 
will be indicated by 
the subscript 1, those 
to the right or back 
of AB by the subscript 
2. 

Prom the continuity equation (conservation of mass): 

pl*ln - P2*2n .   - (2'67) 

Prom the conservation of momentum law (Newton's Second Law): 

Pl*!n + Pi * P2<4i + p2 (2#68) 

for the direction normal to AB, and 

pl *ln *lt " p2 <l2n <*2t , (2.69) 

for the direction parallel to AB. 

Prom Equations (2.6?) and (2.69) » 

*lt = q2t 
i.e., the velocity component parallel to AB does not change 
across AB. 

From Bernoulli's Formula (2.9b) and Equation (2.70), 
2 2 > 

H + i lln c h2 + i <!2n . (2.71) 

(2.70) 

3 

a"** 
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Prom Equations  (2.67) and  (2.68), 
P2fP2-PlV   P2  A 

1x1     P3>2 " Pi/    Pi AP 

q2    = £l Ap 
2n      P2  A7 

Page 2.31 

>     (2.72) 

*ln <*2n - H 

Ap »  - PX qin (q2n - qin) «  - piqin Aqn      ^ 

$ 

For a perfect gas it follows from Equation (2.71) that if 
the flew is isentropically brought to rest on each side of the 
shock front 

*lo = h2o , Tlo = T2o ,  Plo „ Pgo 
plo  P2o 

and that the critical velocity a* is the same on each side of 
AB. 

The pressure ratio ££ and the density ratio __£ 
Pi Pi 

are determined by the Rankine-Hugoniot relation» 

P2  (Y + 1) P2 - (Y - 1) Px 

or 

PX  (Y + 1) Px - (Y - 1) P2 

P2  (Y + 1) p2 + (Y - 1) P! 

P^ a (Y - 1) p2 + (Y + 1) px  * 

(2.73) 

(2.74) 

The angle ß between the shock front AB and the flow in 
front of AB is given in terms of the static pressure before arid 
after the shock by 

sin2ß 
(Y - 1) + (Y + i)J|] (Y - 1) 

4Y 

Y-l  -1 
*!<* Y 

- 1 

(2.75) 

wyp-.inyw,riHi .«^*» 
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or Q       (Y - 1) Pi +CY+1) P2     .        ,ß _ ö> 
tan p -  :— — —    *&n \P      e; 

(Y - 1) p2 + CY + 1) Pi 
(2.76) 

where G is the angle between the flow direction after AB and 
the flow direction before AB. 

The quantities describing the flow after the shock can be 
calculated in terms of the flow quantities before the shock by the 

formulae: 

•^«an-ft—'-^«S (.2.77) 

P2 

>lo 

Y+l /Pi Y [4 Y sin2ß       /Y-l\2 / 4- Y sin2ß\ fVjY^ 

Y=lW     l  (Y+l)2       -\r+1)    V1+     (Y-l)2     >W      _ 
L (2 

Y + 1\P 
1 - 

Plo   VY - 1/P1O 

Ploi 
.Y-l 

1 + 
plo 

Y-l 

Picy   j 
(2.78) 

(2.79) 

cot2ß 

) 

TI-      L- (2#80) 

;lo 
Llo 

The value    ß * -75-   corresponds to the case of the normal 

shock.    For this case    qt » 0  ,    and the above formulae are 
easily specialized to the normal shock.    The Prandtl relation 

qi q.2  c a*2 (2.81) 

subsonic• 

ing 

Ä 4.v,«M1£rh the shock is computed by integrat- The entropy change through tne sna^ 

dS dQ . c    dT „ R dP 
-A   "    CV  "ST* O^ 

~t 

3 
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to the stagnation pressure 

S2"S1 

from the stagnation pressure p, 
P2o> and using the relation T2o "  Ti0, with the result 

Since it can be demonstrated that the stagnation pressure changes 
through the shock, S2 - 3^ 4  0, and, by the Second Law of Thermo- 
dynamics, this entropy change cannot be negative. Hence 
S2 - S^ > 0 and Pio > P2o> i«e»> tne transition through the 
shock front causes a loss in stagnation pressure. 

The stagnation pressure ratio through the shock front is 
given by the formula 

f 

h c 

P2o Y+l 

ü.f [1 JäJ) Y" 
Plo/  L  \plo/  - 

Y-l  Y 
Y-l 

Y_r- V—1 

l+fPjjTcot2^ 
\Plo/ 

4Ysin2ß /r-lV/li4Ysin
2ßyPi_\ Y 

(Y+l)2"^Y+1' ^  (Y-l)2'Wo 

Y-l 

(2.83) 

n 
For the normal shock ß » •§- and 

P2o n Üif£i_' 
Plo "  Y-l \Pio 

1      [l-f^"7" 
\Y    L     •[_ 

Y 

AY       f gi\ Y hq 
(Y+l)2      \Plo/ 

(2.84) 

1  

or in terms of the Mach number   %    or the number     M^    of the 
flow to the left of the shock surface 

TO       _2Y    1-JfcilI*2 

- u*T-l        T^   1 P2 
m^ 

Plo   p^M^+l 

Y-l 

LJ i: 
Y+l 

YM2^r 

.   1 Y-l 

s   II- 1 

J 
TUT*2    I=i 

1      Y+l J 

(2,85) 

€ 
883275 O-50-6 
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The use of these formulae is greatly facilitated by curves 
and tables found in Section 5 of the Handbook of Supersonic Aero- 
dynamics . 

The Pitot tube is an instrument commonly used for measuring 
pressures in gaseous flows. Usually the end of the tube presented 
to the oncoming flow is so blunt that in a supersonic stream a 
detached shock wave is formed, as in the figure. 

M, 

1 
Fig. 2.17 

The Pitot tube reading must be corrected because of the 
presence of the detached shock. This can be done on the assump- 

I tion that the part of the shock front immediately in front of the 
tube is normal to the direction of the flow. The formula connect- 
ing the static pressure in front of the shock with the stagnation 
pressure in the tube is obtained by calculating the transition 
through the shock by the normal shock formula and then assuming the 
flow is brought to rest isentropically. The restating formula is 
the Rayleigh Pitot Tube Formula: 

JL > + lMl    r+J (2.86) 
P2o    /       x -X- 

where p2o is the stagnation pressure measured by the tube and 

p., is, as before, the free stream static pressure. 

It should be pointed out that a static pressure measurement 
made on the impact tube or in its vicinity is not the free stream 
static pressure because of the presence of the shock wave. 

See References: 2.7, page 6l5 2.8, chapters 4 and 5. 

wi^ 
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14. Two Flow Functions 

a. A flow density formula 

An explicit formulation of the stream density Pq in terms 
of the static pressure p and the stagnation pressure p0 or in 
terms of the Mach number of the flow is useful. The stream 
density is made dimensionless by dividing by p* q* » p* a*' and 
is denoted by © : 

© p*q* 

J±I 1 

1=1 
2 

(£) l - 

L 

xa*r 

j 

Y+T M 
Y+l 

(2.87) 

This relation has been implicitly used in Formulae (2.51) 

and (2.52), 

b. The mass flow function m 

Write m « PqA * giL M-JYBT»A 
RT  v 

5*^ , by Equation (2.41), - ApgMf|\ 

= APSV^TR"- M I + ^M2 
2 T "*2" io ^ • 

Now let m be defined by m « ApmT0^ , 

then o 
m * 6 'l^l[r/R • M Y-l 1 + J^M2 (2.88) 

Values of this function are tabulated in Section 5 of the Handbook 
of Supersonic Aerodynamics. 

See References 2.7« 
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SECTION 3 - GENERAL ATMOSPHERIC DATA 
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ERRATA . 
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. Errata Pages 3-1 - 3~4 

. Symbol Pages 3-- - 3-2 

1. 

2. 

3. 

4„ 

Lower Atmosphere  3-1 
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Introduction   3-14 
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Composition   3~1& 
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Introduction  3~52 
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The Temperature Distribution   3-53 
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Tables of Properties of the Atmosphere and 

Graphs of Density Ratio and Sonic Velocity 
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The Atmosphere Above the F2~Layer   3-89 

Tables and Figures 
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F2-Layer at Latitude 450 (Errata Table 3.1) ... Errata Page 3-2 
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F2-Layer at Latitude 45°. Atmospheric Model I, 
(Errata Table 3»2)  Errata Page 3-3 

Correct Values for Apparent Gravity (g!) Above the 
F2-Layer at Latitude 45°. Atmospheric Model II0 
(Errata Table 3.3)  * Errata Page 3-3 

Correct Values for Apparent Gravity (g») Above the 
F2-Layer at Latitude 4-5°.  Atmospheric Model III. 
(Errata Table 3.4)  c Errata Page 3-4 

Composition of the Atmosphere at Sea Level (Table 3.1)  3-2 

+Properties of the Atmosphere at Sea Level (Table 3.2)   3-3 

+Reproduced from Reference 3.3 



•BB3^^ -•.,,; iir-^lTnT^IWjgHJg 

1/ 

Contents Page 3-2 Handbook of Supersonic Aerodynamics 
April 1, 1950 i% 

~)  ' 
Froperties of the Atmosphere (NACA Standard) - 0 to 

65,000 ft. (Table 3.3)  3-4-3-5 

Temperature of the Atmosphere (NACA Standard) vs 
Altitude - 0 to 50,000 ft. (Fig. 3.D  3-6 | 

Pressure of the Atmosphere (NACA Standard) vs Altitude - i 
0 to 50,000 ft. (Pig. 3.2)  3-7 I 

Pressure of the Atmosphere vs Altitude - 50,000 to ! 
100,000 ft. (Fig. 3.3)  3-8 1 

Density of the Atmosphere (NACA Standard) vs Altitude - 
0 to 50,000 ft. (Fig. 3.4)  3-9 

Density of the Atmosphere vs Altitude - 50,000 to 
100,000 ft. (Fig. 3.5)  «...=. 3-10        ~\ 

Velocity of Sound in the Atmosphere (NACA Standard) vs 
Altitude - 0 to 50,000 ft. (Fig. 3.6)  3-H 

Density of the Summer and Winter Atmosphere vs Altitude - 
0 to 65,000 ft. (Fig. 3.7)  . „...3-12 

Pressure of the Summer and Winter Atmosphere vs Altitude - 
0 to 65,000 ft. (Fig. 3.8)   3-13 

Composition of the Atmosphere, Variation of Relative 
Humidity with Altitude (Table '3.4)  3-17 

Altitude vs Temperature of the Atmosphere 
(Figs, 3.9-3.11)   3-19 - 3-21 

Density of the Atmosphere vs Altitude'- 60,000 to —\ 
189,000ft. (Fig. 3.12)  3-22        _* 

Density of the Atmosphere vs Altitude - 120,000 to 
400,000ft. (Fig. 3.13)   3-23 

Pressure of the Atmosphere vs Altitude (Fig. 3.14)   3-24 

Composition of the Atmosphere, Reduction of Oxygen Content 
with Altitude (Fig. 3.15)   3-25 

Composition of the Atmosphere, Increase of Helium Content 
with Altitude (Fig. 3.16)   3-26 

Altitude vs Percentage Composition of the Atmosphere with 
Respect to Argon, Oxygen and Nitrogen only (Fig. 3.1?) .. 3-2? 

F 



1/ 

V. 

„  ,,  ,  _ „      . . Contents Page 3-3 
Handbook of Supersonic Aerodynamics        April 1, 1950 

+Properties of the Upper Atmosphere for Tentative 
Standard Temperatures Based on an Arbitrary- 
Constant Value of Gravitational Force - Metric 
Engineering System (Table 3.5)  3-31 -3-32 

+Properties of the upper Atmosphere for Tentative 
Standard Temperatures Based on an Arbitrary 
Constant Value of Gravitational Force - British 
Engineering System (Table 3.6)   3-33 -3-35 

+Properties of the Upper Atmosphere for Tentative 
Standard Temperatures Based on an Inverse Square 
Variation of Gravitational Force - Metric Engineer- 
ing System (Table 3.7) 3-3° -3-37 

+Properties of the Upper Atmosphere for Tentative 
Standard Temperatures Based on an Inverse Square 
Variation of Gravitational Force - British 
Engineering System (Table 3.8) 3-38 -3-4-0 

+Latitude Correction Factors for Values of Pressure 
in Tables 3.7 and 3.8 (Table 3.9)  3-41 

+Variation of Ambient Temperature with Altitude 
(Fig. 3,18)   3-42 

+Variation of Composition of the Tentative Standard 
Atmosphere with Altitude (Fig. 3.19)   3-43 

+Variation with Altitude of the Physical Properties 
of the Tentative Standard Atmosphere (Fig. 3.20)....3-44 -3-47 

Temperature of the Atmosphere vs Altitude - 0 to 
390,000 ft. (Fig. 3.21)   3-48 

Pressure"of the Atmosphere Based on an Arbitrary 
Constant Value of Gravitational Force vs Altitude - 

•0 to 390,000 ft. (Fig. 3.22)  3-49 

Density of the Atmosphere Based on an Arbitrary 
Constant Value of Gravitational Force vs Altitude - 
0 to 390,000 ft. (Fig. 3.23)  3-50 

Velocity of Sound in the Atmosphere vs Altitude - 0 to 
390,000 ft. (Fig. 3.24) 3-51 

+Reproduced from Reference 3.3 

-SMI If, ill mat - —- a 



^ 

Contents Page 3-4 Handbook of Supersonic Aerodynamics 
April 1, 1950 

+-i-Temperature in the F-Region at the Equator According 
to Fuchs (Table 3.10)  3~54 

Vertical Distribution of Temperature in the F-Region. 
Latitude 0°. Metric Units (Fig. 3.25) ,...0 • 3~55 

Vertical Distribution of Temperature in the F-Region. 
Latitude 0°. Engineering Units (Fig. 3.26)  3~56 

Vertical Distribution of Temperature in the F-Region. 
Latitude 4-5°. Metric Units (Fig. 3.27)  * 3-57 

Vertical Distribution of Temperature in the F-Region. 
Latitude 45°. Engineering Units (Fig. 3.28)   3-58 

Composition of the Atmosphere up to the F2~Layer. 
Latitude 0° (Table 3.11) 3-59 

Composition of the Atmosphere up to the F2-Layer. 
Latitude 45° (Table 3.12)  3-60 

Values of Temperature, Pressure and Density up to the 
F2-Layer„ Latitude 0°. Engineering Units 
(Table 3.13) 3_6i - 3-63 

Values of Temperature, Pressure and Density up to the 
F2-Layer. Latitude 0°. Metric Units (Table 3.14) .3-64 - 3-66 

Values of Temperature, Pressure and Density up to the 
F2-Layer. Latitude 45°. Engineering Units 
(Table. 3.15)  3-67 - 3-69 

Values of Temperature, Pressure and Density up to the 
F2-Layer. Latitude 450. Metric Units (Table 3.16) 3-70 - 3-72 

Vertical Distribution of the Density Ratio (0) from 
Sea Level up to the F2~Layer. Latitude 0°. 
Engineering Units (Figs. 3.29a, b, c)  .«3-73 - 3-75 

Vertical Distribution of the Density Ratio (<r) from 
Sea Level up to the F2-Layer. Latitude 0°. 
Metric Units (Figs. 3.30a, b, c) .....3-76 - 3-78 

Vertical Distribution of the Density Ratio (o) from 
Sea Level up to the F2-Layer. Latitude 45°. 
Engineering Units (Figs. 3.31a, b) ...3-79 - 3-80 
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SECTION 3 - GENERAL ATMOSPHERIC DATA 

ERRATA 

The information on Errata Pages 3-1 to 3-4 is taken from 
Errata Sheets issued by the RAND Corporation for RAND Report 
R-IO5, "Analysis of Temperature, Pressure, and Density of the 
Atmosphere Extending to Extreme Altitudes". RAND Report R-105 
was used in the preparation of pages 3-52 to 3-123 of this Hand- 
hook. The RAND Errata Sheets indicate that an error exists in 
one of the basic formulae used in computing the data presented in 
the RAND report. Consequently, small errors exist in Handbook 
Tables 3.15, 3.16, 3.19, 3.20, 3.23, 3.24, 3.27 and 3.28. 

Errata Tables and a discussion of the errors involved, taken 
from the Errata Sheets prepared by the RAND Corporation, appear 
on Errata Pages 3-1, 3-2, 3-3 and 3-4. 

Errata - Through an oversight, the formula 

,2 
g' <= gQ (r0/r) - r&2cos 9 

was used for the apparent gravity instead of the correct formula 

2 
gt e S0 (

r(/r) ~ rü2cos2e. 

(ft denotes the constant angular velocity of rotation of the 
earth's atmosphere, r denotes the distance from the center of the 
earth to a point in the earth's atmosphere, and 6 denotes latitude), 
As far as the results for latitude 0° are concerned, this intro- 
duces no error.  At latitude 45° the values for g' (and 0) are low, 
but the error is extremely small. The corresponding errors pro- 
duced in the pressure and density, etc., are entirely negligible 
and are insignificant in comparison with the uncertainties which 
exist in the temperature and molecular, weight. Prom the hydro- 
static relation 

log 
Pi 

c 

it is seen that if new values for g' are introduced, the calculated 
values of pressure and density, etc., remain unchanged if they are 
interpreted as corresponding to slightly different temperatures 
(Tnew;, which are related to the temperatures given in the tables 
(Told) bv the ratio Tnew/Told c S'correct/g'old- The cori*sct values 
of g1 at latitude 45° and the ratios which they form with the old 
values are shown in the tables on Errata Pages 3.2, 3.3 and 3.4. 
These tables are reproduced from RAND errata sheets. 
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( ] SECTION 3 ~ GENERAL ATMOSPHERIC DATA 

SYMBOLS 

The following symbols are used in the material appearing on 
pages 3-1 to 3-121. 

a = speed of sound 

C «= Avogadro's number 

d = mean particle diameter 

f <= mean collision frequency of atmospheric gas particles 

g' = acceleration due to gravity 

( g« B apparent acceleration of gravity at any height 

h •= height above sea level 

H = scale height = RT/Mg' 

k = molecular gas constant 

m » mass of a molecule 

M = mean molecular weight 

n « number of atmospheric gas particles per unit volume 

p « pressure 

R » universal gas constant 

\T-     x - - t » temperature 

T - absolute temperature 

v = volume of molecular oxygen in an initial unit volume 
of normal air, at the same temperature and pressure 

V « mean particle velocity 
it 

w » specific weight 

Y • ratio of specific heats 

^ B mean free path of atmospheric gas particles 

V- «= coefficient of viscosity 

883215 O - 50 - 1  _ c 
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v » kinematic viscosity (u/p) 

P «= density 

o* = density ratio (P/P0) 

0 »= apparent gravity potential function 

Subscripts denote the conditions indicated: 

0 » sea level 

air = mixture of molecules in atmosphere 

d » base of region of diffusion equilibrium 

L = outer limit of the atmosphere 

m = base of region of dissociation, where oxygen is all 
molecular 

n = nitrogen molecules 

o = oxygen molecules 

0  = latitude 

* « base of the exosphere (dynamical orbit region) 

') 
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SECTION 3 ~ GENERAL ATMOSPHERIC DATA 

The material on the Lower Atmosphere presented herein on pages 
3-1 to 3-11 was originally compiled by A. W. Lemmon+, and that on 
the Upper Atmosphere on pages 3-12 to 3-27 was prepared by H. F0 
Kelsey, of the Applied Physics Laboratory Staff.  Subsequent addi- 
tions and revisions to this section have been made by the APL Hand- 
book Staff and the Reviewing Committee. 

The information on pages 3-28 to 3-51 was taken from the 
National Advisory Committee for Aeronautics Technical Note No. 1200, 
"Tentative Tables for the Properties of the Upper Atmosphere", by 
Calvin N. Vv'arfield, for the NACA Special Subcommittee on the Upper 
Atmosphere. This material is being reproduced here with the full 
permission of the author and the National Advisory Committee for 
Aeronautics. 

The information on pages 3~52 to 3-123 was taken from the RAND 
Corporation Project RAND Report No. R-105, "Analysis of Temperature, 
Pressure and Density of the Atmosphere Extending to Extreme Alti- 
tudes", by G. Grimminger, dated November 1, 1948. This material is 
being used with the full permission of the author and the RAND 
Corporation. 

1.  Lower Atmosphere 

Knowledge of certain fundamental constants with respect to 
atmospheric conditions at various altitudes is necessary for the 
evaluation of any aerodynamic design or performance problem. In 
this sub-section on the lower atmosphere, sea level composition and 
properties are first presented, followed by data on the atmosphere 
extending to an altitude of approximately 100,000 feet. 

sented 
^     and by Humphrey 

The physical properties of the atmosphere at sea level as 
given by Warfield (Ref. 3.3) are shown in Table 3,2. The values 
are listed for each of three specified atmospheres and in some In- 
stances the quantity is expressed in more than one unit in either 
the metric or the British system. The values listed in Table 3.2 
for the standard atmosphere at sea level are identical with those 
used by Diehl (Ref. 3.4) and Aiken (Ref. 3.5) except in a few in- 
stances. The exceptions are noted and explained in Appendix E of 
Reference 3*3«- 

The National Advisory Committee for Aeronautics (Refs. 3.4 
and 3.5) has developed a series of empirical equations and tables 
which define the temperature (t), pressvre (p) and density (P ) of 
air as a function of the altitude. A table of the properties of 
the standard atmosphere up to an altitude of 65,C00 feet (from 

+No longer at APL ~~ 
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Ref. 3.5) is reproduced here as Table 3.3. Figures 3.1, 3.2, 3.3, 
3.4-j 3.5 and 3.6 show temperature (t), -pressure (p) and density 
(P; as functions of altitude (h) from 0 to 100,000 feet based on 
the data contained in References 3.4- and 3.5. The reliability of 
the data above 65,000 feet has not been finally standardized as 
yet. 

Figures 3.7 and 3.8 show the atmospheric density (p) and 
pressure  (p), respectively,  as  functions of altitude  (h) for 
winter and summer. These figures are. based on data,   given by 
Humphreys  (Ref.  3.2,  page  78),  which take  into account the  effect 
of water vapor and of changes  in gravity with latitude and alti- 
tude,  but possible variation with altitude of the  composition of 
the atmosphere  is not accounted for  in these  data. 

No.l No.2! No.3 No .4 No.5           | 

j              GAS ;  SYM. PERCENT COMPOSITION- 
! 

•VOLUME                  | 

Nitrogen 1  N2 78.09           ! 78.09            ! 78.09            • 

•  Oxygen 02 20.95 20.95 20.95           ' 

1 Argon A .93 .93 .93 
! Carbon Dioxide C02 

NE 

.03 .03 0.02   -  0.04 

I Neon 1.8 x 10-3 18.0 x 10-4 18.00 x 10"4 ' 

'; Helium HE 5.24 x 10-4 5.3 x 10-4 5.30 x lO"4 

| Krypton KR    . 1 x 10-4 1.0 x 10-4 1.10 x 10-4    . 

i Hydrogen H2 5 x 10-5 0.50 x 10-4 0.50 x 10-4 

i Xenon X 8 x 10"6 0.08 x 10-4 0.08 x 10-4 

i 
1 Ozone °3 

1 x lO-6 

increases 
with altitude,,, 

0.02 x 10~4 

increases 
with altitude 

Radon RN 
6 x 10-18 
decreases 
with altitude, 

7.0 x 10-18    • 
decreases 
with altitude 

Water Vapor H20 
0.02 - 4.0 
variable 

Column No.  3 - Sea Level Composition Presented by Paneth (Ref.  3.15) 
Column No.  /* - Sea Level Composition Recorded by Humphreys (Ref.  3.2) 
Column No.  5 - Sea Level Composition Recorded by Regener (Ref.  3.1) 

Table  3,1    COMPOSITION OF THE ATMOSPHERE AT SEA LEVEL 
Data from Various Authorities as Shown 

JLBJL 
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COXXITTZE FOR AKR0KAOTIC3 

Table 3.3 PROPERTIES OP THE ATMOSPHERE (NACA STANDARD) - 0 TO 
65,000 FT. - Table VII of Ref. 3.5. 
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Table 3.3 PROPERTIES OF THE ATMOSPHERE (NACA STANDARD) - 0 TO 
65,000 FT. - Table VII of Ref„ 3.5. (Concluded) 

-Mlffr» 



Page 3-6 
April 1, 1950 Handbook of Supersonic Aerodynamics 

10 o 

CO 

) 

to 

EM a 
CO o 

o 

I 

t      &£ Si 
Q 

• O 
6-i O 

WD 

LÜ feB 
C-J O 
3 O 
K cS   1^ 

< 
t=>       <t 
EH W    • 

ME-i    • 
C^H1^ 
SB« 
W^ ttt 
EH<tJ—' 

'> 

m 

bo 
•H 

3  S33H93Q Nl (+) 3HfUVH3dW3± 

JtBJiH^lWMCV-L.- J* »••• 



Page 3-6 
April 1, 1950 Handbook of Supersonic Aerodynamics 

) 

co 
> 

OH 
ttsl 

SO 

EH S 
CO O 

<<*H o 
<$ td 
SES-P 

3 

s   gi 

1 
w w   • 
CO fe 
O s o 
en O 

WO 

O 
fr,E-< 
O 

O 

S3 

ig00 
pH  I—' 

SH«VH 

EH -=•5"-' 

H 

bO 
•H 

> 

d  S33H93Q Nl (4)  3üfUVU3dW3± 

1 



Handbook of Supersonic Aerodynamics Page 3-7 
April 1, 1950 

r 

c 

o 

to <t £j o 00 <0 

'Ni/san NI(d)3ynss3Md 
CVJ 

o 



Page 3-8 
April 1, 1950 

Handbook of Supersonic Aerodynamics 

O en 

O <1)<M 
OPS a> 
O^« 

^Si Ü 
<D <D 

I •Hü 
O-H 

8< a e 
& o s 
EH ^ O 
M«iH fH 
EH HH 

•3     * «aj+i    * 

03      <in 
>0 

OO goo 
K,»*0 

HMD O 
a.    o 
CO 0<H 
O-P s o 
in cd-p 

COO 
WQO 
ffi O 
EH  I     •» 

fri »vO 
OEH 

fe a 
M O 
CäO ^ 
DO<H 
co o 
CO   ~ CO 
go+» 

00 tf> <* 04 Q 00 

•Ni/san NI (d) aanssBad 
to (M 

•H 

) 

3 



Handbook of -Supersonic Aerodynamics Page 3-9 
April 1, 1950 

^z> 

3. 1 

1   ,i \ 

e-ld/S9mS    CJ0I dO SUNK NK<0A1ISN3C] 

63 
Q 

e-i 
M 

• 

« 

o 
«  • 
Q 0) 

EH 
03H 
^X! 

-3)   0 
OTH 
<uo 
is; 

o 
K«H 
W 
W cd 
CU-P 
W cd 
S« 
g 

|£ 
r   O 
|X)0 
00 

Mp 
EH^\ 
M 
COO 
!S EH 

QO 

ttf) 
•H 

**£*Ö*a* tiü»e>stia*-~K^ 



Page 3-10 
April 1,  1950 

Handbook of Supersonic Aerodynamics 

Omro 
EH   ,  « 

O Q> <D 
O «PS 
Cr 

>A 

eid/s9ms£.0! do siiNn mi<*) AIISN3Q 

I ir\ 

o 
MO IH 
E-t O <M 
M O 
CO    «»CO 
feo+> &qq ctf 
«HO 

1 

1 



Handbook of Supersonic Aerodynamics Page 3-11 
April 1, 1950 

fi 
o 

1,; £ «*- 
0 

8. 
8 

Ü 
UJ 
-1 

. 
00 

0 

(0 
to 

<M 
«° t 

10 
0 

-   en 
ÜJ 

• 

3 
2 to   • •i^Q 

1— 
._  2 

0 
<-x    • 

N
D

A
R

B
 

v- 

1 

/ EH ö 
J r 

/ 
f ü «a! 

fe E J t v-' O 

r~ 
Iffl> 1. « 

W   CO «0 
&   Co 

) 
   

   
   

 4
  

  
  

  
  

8 
  

  
  

  
 1

2 
   

   
   

16
   

   
   

2
0

   
   

  
 2

4
 

A
LT

IT
U

D
E
 (

h)
  

IN
 

U
N

IT
« (OQ 

O 
a 1 
EH 
< • 

go 

O 
Qlr\ 

^ O 
O EH 
CO 

0 

O  1 

HD 
ÜEH 

as 
£3 

—                                                                      - 

ro 
• 

•H 

1 P>4 

0 
0 
CO 

0 
0 

O 
O 
O 

0 
0 

w 
0 

03S/1J NI 10) QNIIOS JO A1I0013A 

o 



Page 3-12 
April 1, 1950 

Handbook of Supersonic Aerodynamics 
I        N 

,uio/B    ^0\ JO SlINn Nl (0) A11SN30 

W 
Q 
J=> 
EH 
H 

a < 
to 
> 

CO 
IN 

<D 

as 

C\j 

P3     • 
« <M 

P* ^ 
CD 
O    OT 
•=3     1-» 
EH   <D 

•*% 

u 
M 

w 
a o 

CO 
rt -P 

E 
o o 
o 

CO 

w 
w 
EH 

o 

E-i vO 
M 
CO O 

Q O 

•H 
&4 

3 

1 

^&S 

m m« iji T>*t, i-r-.-.rjnwm^ wwawbn 



7      ' 

(I 

i 

,   I 
w 

Handbook of Supersonic Aerodynamics Page 
April 

3-13 
1, 1950 

AH0.0H3W dO SU313HIT11W 
o                    o                      o                     O                      p                     O                     o o                  o                   o                  o                   5                  o                   o t-                   <o                    in                    *                    io                    oi                    = 

8 ! 

04 - 

O _ 

0> - 

CD - 

N  - 

"I 
JC 

- in 
m 
gu>- 
u> 

'1 
•"in _ 

£ 

•* - 

CM   - 

- 

i 1 1 i 1 1 

ah 
* 
10 

— 
CM o £ 

CJ> 
in 
0» 

ID 

" 10 t to 

« 
X 
p 

m 

CO w 
<e CM                       •»   f>> 

E in                        <D 

in 

2             S3 § 
co W 

*                En O 
*                  «a! SH 

2 «H 

H cö 
<M 

H               MO 
:- 

COM                        /--, 

^-. 
«•— 
to ~ 

d 
CO 

io° tr o 

BP         w8 
5           go   • s 

CO 
~^CT> plfNCO 

3,5          covot^ 
5 /!A 

\ 
c 
u 

CM ,-. 
^            HOO 
~"           K EH txo S® i 

£ -    . I Jii                 EH          CO a t *§                 OP, 
N 

: 

CM  H                 fe 
R            O   1     •» 
<              • 

o             Kgm 
u> CM                          j5 J3 

CO EH    • 
C0H«H 
W EH © 

(o                 P5 t-3 K IO CM 

E —                 O, <a)v_^ 

o< 

CO 
CM                            • ro 

IO m 
ti 
0) 
CD 

• 
M 

Q. 
CO 
o 
E 
o 

&4 
eg 

f 

If 
c 

saa3HdsowiM 
in 1             * 
d              o 
•  I 

0) CO r-: 1            <o CM 

o             o 
ll                 ll u 

o 
8 

o 
o 

o 
o 
CD 

O 
O 

O 
D 
J> 

O 
o 
to 

o 
o 

( 
c 
t 

D 
D o 

D 
D 

o 
O 

o° 

3uuo/6 Ni(d) aunssaud 

3 

MAWWKT'VW- 



Page 3-14 
April 1, 1950 

Handbook of Supersonic Aerodynamics 

r- 

2, Upper Atmosphere 

a. Introduction 

The radio-sonde balloon has provided a source of reliable 
information on the nature of the earth's atmosphere up to a 
height of approximately 130,000 feet. From data obtained by 
these soundings, the well known "Standard Atmosphere" has been 
established, to an altitude of 65,000 feet, for use in the air- 
craft engineering field. 

Above this limit of balloon measurement, the characteristics 
and constituents of the atmosphere could until recently be ana- 
lyzed only by indirect means. The anomalous reflection of gun- 
fire sounds, the unusual propagation of volcanic and meteoric 
explosion sounds, the study of meteors and meteor trails, the 
study of the two free-period-oscillations of the atmosphere, the 
penetration and interference of radio waves, and the aurora are 
some of the phenomena utilized in these analyses. By combining 
the results of these studies, a plausible estimate of the tempera- 
ture, density, pressure and composition may be obtained» 

This section is primarily concerned with atmospheric con- 
ditions above the sounding balloon limit, whence the data are less 
accurate«, Also some information on the lower atmospheric condi- 
tions is included to aid in clarity and continuity of the material 
presented, 

b. Temperature 

Pioneer study of meteors, by Lindemann and Dobson (Ref. 3.6), 
indicated a rise in temperature, with increasing height, above the 
stratosphere. This was'in direct contradiction to the then ac- 
cepted theory that the known low temperature of the stratosphere 
layer remained constant and extended to the outermost regions of 
the-atmosphere. Furthermore, from their observations, they ad- 
vanced the theory that this temperature increase was caused by the 
absorption of solar radiation by ozone layers. F.J.W, Vfhipple 
(Ref. 3.7) supported these claims, having found from his investi- 
gation of the abnormal propagation of sound waves indications of 
increasing temperatures above the stratosphere layer to a maximum 
temperature at a height between 164,000 and 200,000 feet. Further 
confirmation of such a temperature maximum was provided by Pekeris 
(Ref. 3.8) who, in attempting to account for the two free-period- 
oscillations of the atmosphere, showed that the temperature must 
again fall at a height immediately above the 200,000-foot level. 
In harmony with these conclusions was the suggestion, by Humphreys, 
that noctilucent clouds, found to occur only in a very small range 
of altitudes around 270,000 feet, were composed of ice crystals 
which he has shown can be formed over ice at a low temperature of 
288° Rankine or lower. Another rise in temperature is required 

1 

1 

•1 
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( ] above the 328,000-foot level to explain the energy distributions 
in the nitrogen bands of the auroral spectrum, observed by Vegard 
(Ref. 3.9)v whose work on band spectra indicated a temperature of 
4-28° Rarikine in the auroral region, which occurs between 311,000 
and 410,000 feet. However, Rosseland and Steensholt (Ref. 3.10) 
changed this value to 625° Rankine, applicable at an altitude of 
361,000 feet. Martyn and Pulley (Ref. 3.H), in their study of 
the penetration and interaction of radio waves, as well as the 
periodic rise and fall of the F region, have estimated that the 
mean temperature at the 900,000-foot level is 1800° Rarikine. They 
further found that the change in altitude of the F region was a 
function of diurnal heating and cooling, the temperature changing 
as much as 720° Rankine. 

Several authors have adopted temperature-altitude curves 
which are composed from the findings of the various authors men- 
tioned above. Martyn and Pulley (Ref. 3.H)have adopted the 

( )       curve shown in Figure 3.9» while the curve shown in Figure 3.10 
has been presented by F. L. Whipple (Ref. 3.12). The curve 
adopted by Pekeris is also plotted in Figure 3.10. The tempera- 
ture given by Vegard and Tonsberg (Ref. 3.9), applicable only 
above 311,000 feet, also appears in this figure. The value, given 
by Rosseland and Steensholt, of 625° Rankine at 361,000 feet, 
appearing also in this figure, agrees well with Whipple's estimate. 
The temperature estimate attributed to Maris (Ref. 3.13j page 495' 
is shown in Figure 3.H. 

c. Density 

Less information on the density of the upper atmosphere is 
available. F. L. Whipple (Ref. 3.12) calculated densities to 
correspond-to the temperature curve he adopted -and substantiated 
his assumptions by his study of meteors. Lindemann and Dobson 

; (Ref ^ 6)^ from their meteor studies, calculated a density oi 
l\       ? f~\ 1.-94 x"10-8 slugs per cubic foot at 344,000 feet. However, 
r-      '•     V_->       Martyn and Pulley (Ref. 3.H) claimed this value should be 4.7 x 

10~9 after certain assumptions made by Lindemann and Dobson were 
; re-examined. 

S Assuming that the constitution of the atmosphere is constant 
1 below 492,000 feet, Hulburt (Ref. 3-.13) nas calculated the molecu- 
j lar density by use of the equation 

j n = nge-k/L 

] where    L - §£ 

\ The molecular density can readily be converted to mass density 

C 
883275 O-50-8 

by P = n M 

•~*r-" 
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The sum of the mass densities of each gas composing the atmosphere,      ~J 
namely oxygen (02), nitrogen (N2), argon (A), carbon dioxide (C02) 
and helium (He), found by the above equations, gives the mass den- 
sity of the atmosphere« 

The density curve calculated by F. L. Whipple, on the basis 
of his assumed values of temperature, and the curve corrected by 
his meteor studies, are plotted in Figures 3.12 and 3.13. Fairly 
good agreement is provided by the densities given by Lindemann and 
Dobson and corrected by Martyn and Pulley which are shown on Figure 
3.13-. 

d0 Pressure 

Still less information is available on the pressure of the 
atmosphere, Kurrelmeyer (Ref. 3.14) has calculated the pressure 
corresponding to Whipple's temperature and corrected density curve.       ~v 
Martyn and Pulley (Ref. 3.H) estimated, from their study of the ) 
penetration of radio waves, that the pressure at 344,500 feet is 
0,001 millimeter of mercury, or 0,01316 x 10~4 atmospheres, which 
is in fair agreement with 0.0171 x 10*"4 atmospheres given by 
Lindemann and Dobson (Ref. 3.6), 

Kurrelmeyer's results are plotted in Figure 3.14, Also shown 
are points determined by Martyn and Pulley, Lindemann and Dobson, 
and Regener (Ref. 3.1). 

e. Composition 

The composition of the atmosphere at sea level, given in Table 
3.1, is well known and its determination presents little difficulty, 
since it can be measured directly. However, measuring the composi- 
tion of the upper atmosphere presents more of a problem and, as 
with the temperature, density and pressure, until recently had to 
be determined indirectly above the limit of balloon ascension. , ^ 

Two fundamental laws are associated with atmospheric composi- 
tions first, the law of the exponential decrease in pressure with 
altitude, in other words, the barometric altitude formula? second, 
Dalton's law of partial pressures, which states that in a mixture 
of gases' at a given temperature (provided the gases do not react 
chemically), each gas exerts the same pressure as if it alone oc- 
cupied the entire volume at that temperature5 and the total pres- 
sure is the sum of these partial pressures. In compliance with 
the terms of the first law, the gases of the atmosphere, if undis- 
turbed, and of constant temperature, would distribute themselves 
in an exponential manner, i.e., the decrease of particles, with 
altitude, would be greater for the heavier gases. However, inter- 
mixture takes place due to motion of the air, so that this segre- 
gation cannot occur and the result is an almost constant composi- 
tion up to the lower stratosphere, where, from recent experiments, 

3 
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vertical motion is still evident, though reduced. 

Regener (Ref. 3.1) has made balloon soundings up to 93?j?00 
feet and, by means of apparatus carried in the balloon, deter- 
mined the oxygen content of the air up to that height. The re- 
sults of his observations are shown in Figure 3.I5. His experi- 
ments showed that segregation is retarded below the stratosphere, 
proving that the composition is for all practical purposes, con- 
stant up to approximately 50,000 feet. Above this height, segre- 
gation begins to occur, although it is very far removed from a 
theoretical air at rest, since some mixing still takes place up to 
93»500 feet. Paneth (Ref. 3.I5) measured the helium increase with 
altitude up to 75,000 ft. His results as recorded by Regener 
(Ref.3.1) are shown in Figure 3.16. By comparing the relative 
rate of increase of helium above 50,000 ft. as shown in Figure 
3.16 with the relative rate of decrease of oxygen above 50,000 ft. 
as shown in Figure 3.15, it can be seen the ratio of the former 
to the latter is, within experimental limits, 8 to 1, which is the 
ratio of the molecular weights of oxygen and helium. This con- 
forms exactly to the exponential law, and indicates some segrega- 
tion occurs above 50,000 ft., but the segregation remains far be- 
hind the theoretical value for atmosphere at complete rest. The 
slope of the curve for the oxygen deficiency may be estimated to 
be 1/5 of the slope of a curve in the case of an atmosphere at 
complete rest. The theoretical curve for oxygen reduction is 
shown on Figure 3.15. Hence, even at altitudes up to about 93»500 
feet the atmosphere must be intermixed by vertical movements. 

r- ^«v 

DATE 
ALTITUDE 
FEET 

TEMPERATURE 
°RANKINE 

RELATIVE HUMIDITY 1 
IN RESPECT TO ICE   | 

5-1-38 23,000 452.4 16.7% 
7-8-38 23,000 

34,500 
52,500 

456.4 
416.8 
413.4 

36.0 % 
58.0% 
18.0% 

12-13-38 24,600 429.0 44.0% 
2-25-39 23,000 

34,500 
431.7 
394.0 

42.0% 
39.0% 

7-19-39 25,300 
34,800 
73,000 

448.0 
404.0 
407.5 

...        ... 

19.0% 
59.0% 
7.0% 

o ^ 

Table 3.4  COMPOSITION OF THE ATMOSPHERE, VARIATION OF RELATIVE 
HUMIDITY WITH ALTITUDE. Data from Regener (Ref. 3.1). 

tJfoM. .rrrrt ."tmaya a-ron. -v_j 
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Water vapor, the amount of which undergoes a great fluctuation, 
has also "been measured by Regener, the results of his observations 
are given in Table 3,4.  Quite low humidities were observed in the 
stratosphere. However, exceptions were noted, indicating that 
supersaturation could occur in the stratosphere, thereby supporting 
the theory that nacreous clouds, which occur at heights between 
75,500 feet and 85,500 feet, are composed of ice crystals. 

Although water vapor is formed at the earth's surface by 
absorption of the complete solar radiation, ozone is formed prin- 
cipally at high altitudes by the absorption of the ultraviolet 
radiation. The ozone concentration at sea level is low, and quite 
variable. At high altitudes there is about 5 to 7 times the ozone 
concentration at sea level, the maximum ozone concentration occur- 
ring between 72,100 feet and 82,000 feet. Slight variations with 
latitude and air sources are noted. Regener measured the ozone 
content by balloon-carried spectrographs and observed that normally 
70 percent of the entire ozone stratum of the atmosphere was con- 
centrated below the 98,000 foot level. However, even a low per- 
centage of ozone has very peculiar and important consequences which 
result from a very high absorption of solar radiation and cause a 
heating of the ozone layer, the overall height of which is from 
72,000 feet to 14-7,500 feet. Regener observes (Ref. 3.D that 
this heating means that vertical motion of the air must be retarded 
more below the upper part of the ozone strata (115,000 feet; than 
in the underlying troposphere layer, where the temperature remains 
almost constant. Regener concludes that conditions for segrega- 
tion must be favorable up into the ozone layer, probably up to its 
upper limit (147,500 feet), the temperature there being approxi- 
mately 5800 Rankine and the oxygen content probably decreases 
rapidly with altitude in this region. 

Above this level, - until recently, little was knwon of the 
composition. Regener remarks that the spectra of the aurora- 
borealis, observed by Stormer and Vegard, show no hydrogen or 
helium lines, but only oxygen and nitrogen. This indicates that 
the- corn-position above 280,000 feet may be made up principally of 
thlse ?wo elements. Regener«-s estimate of the composition (with 
respect to Argon, Nitrogen and Oxygen) of the upper atmosphere • 
is shown on Figure 3.17. 

j 
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INTERACTION OF RADIO WAVES (BAILEY-MARTYN) 
ELECTRON COLLISION FREQUENCIES (E REGION) 

NOCTILUCENT CLOUDS (HUMPHREYS) 

AUDIBILITY LIMIT OF DETONATING METEORS 
/NON-DISAPPEARANCE OF METEORS 

(LINDEMANN-DOBSON) 
UNSOUND OF EXPLOSIONS (WHIPPLE) 

-SOUNDING BALLOON LIMIT 
•NACREOUS CLOUDS 

400 800        1200 1600       2000 
TEMPERATURE (T) !N DEGREES R. 

2400 

i 
Fig. 3.9 ALTITUDE VS TEMPERATURE OP THE ATMOSPHERE - 

Data from Martyn and Pulley (Ref. 3.11), 
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380,000 

^ 

60,000* 1      300 400 500 600 700 
TEMPERATURE (T)   IN  DEGREES  R 

Pig.   3.10       ALTITUDE VS TEMPERATURE OF THE ATMOSPHERE 
from Whipple, Fred L.   (Ref. 3.12). 
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Fig. 3.11 
ALTITUDE VS TEMPERATURE OF THE ATMOSPHERE - 
Converted from data attributed to Maris (Ref 3.13» 

page 495). 
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300 

U.4 

180 200 
ALTITUDE(h) IN UNITS OF IO°FT. 

15 20 25 30 
ALTITUDE (h) IN MILES 

35   37.9 

Fig. 3.12  DENSITY OF THE ATMOSPHERE VS ALTITUDE - 60,000 TO 
3.89jOOO FT« - Data from various authorities as shown. 
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.0001 
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300,000     350,000      400,000 
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60 
JL J 
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€• 
Fig. 3.13  DENSITY OP THE ATMOSPHERE VS ALTITUDE - 120,000 TO 

400,000 FT. - Data from various authorities as shown, 
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30 40 50 
ALTITUDE (h) IN MILES 

Fig.   3.14       PRESSURE OP THE ATMOSPHERE VS ALTITUDE  - 
Data from various authorities as shown. O 
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X 
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Fig.   3.15       COMPOSITION OF THE ATMOSPHERE, REDUCTION OF OXYGEN 
CONTENT WITH ALTITUDE.  - Data  from Regener  (Ref. 3.1). 
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COMPOSITION OF THE ATMOSPHERE, INCREASE OF HELIUM 
CONTENT WITH ALTITUDE - Data attributed to Paneth 
from Regener  (Ref. 3.1). O 
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Pig.  3.17    ALTITUDE VS PERCENTAGE COMPOSITION OF THE ATMOSPHERE, 
WITH RESPECT TO ARGON,  OXYGEN AND NITROGEN,ONLY - 
Data from Regener (Ref. 3.1). 
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3. NACA Tentative Data for the Properties of the Upper 
Atmosphere 

As a result of recent developments in aeronautics and ord- 
nance, a need has arisen for tables of properties of the atmo- 
sphere at altitudes in excess of those covered by the existing 
standard tables (Ref. 3.4-). In order to satisfy this need, the 
National Advisory Committee for Aeronautics has adopted three tem- 
perature-height relationships and one composition-height relation- 
ship, and tables based upon them have been prepared for pertinent 
properties of the upper atmosphere (that is, from 20 to 120 kilo- 
meters in metric units, and from 65,000 to 393,700 feet in British 
units). In the absence of direct data, such as might be obtained 
by soundings with high-altitude rockets, the values adopted are 
based upon existing information obtained by indirect measurements 
of certain quantities. As a consequence, the tables are only ten- 
tative . 

Two sets of tables based upon the adopted tentative standard 
specifications for the upper atmosphere are presented. One set of 
two tables (Tables 3.5 and 3.6) is based upon the same arbitrary 
constant value for the acceleration of gravity as was used in the 
preparation of the existing standard tables for the lower levels 
(Ref. 3.4). This set of tables for the upper levels of the atmo- 
sphere therefore constitutes a consistent extension of the exist- 
ing standard tables. The other set of two tables (Tables 3.7 and 
3,8) takes into consideration the decrease in the acceleration of 
gravity with increasing altitude and therefore is more precise 
than the first set. Consequently, this set is presented only to 
satisfy the need for greater accuracy that may exist in some fields 
of research. 

Each table is divided into separate parts for both day and 
night conditions at altitudes above 80 kilometers. The necessity 
for separate tables for day and night values is occasioned by the 
difference in height at which dissociated oxygen exists by day and 
by night. 

If still greater accuracy than is inherent in Tables 3.7 and 
3.8 is required at latitudes displaced from latitude 4-5°, an esti- 
mate of the latitude effect upon pressure may be obtained by use 
of Table 3.9 in which are tabulated values of the latitude correc- 
tion factor, defined by L.C.P. - Pg/p where P0 is the pressure 
at latitude 0 , corresponding to the pressure p at latitude 45°. 

The three temperature-height relationships (Pig. 3.18) rep- 
resent tentative standard temperatures and probable minimum and 
probable*maximum temperatures throughout the world. The tables 
based upon the tentative standard temperatures should be useful 
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in evaluating performance characteristics and for design purposes, 
and such tables (Tables 3.5-3.8) are given in this sub-section. 
The probable minimum and probable maximum temperature should be 
useful for estimating limiting performance of aircraft, misslLes, 
and prime movers. 

The tentative composition used in computing the tables was 
arrived at by taking into consideration the fact that, at alti- 
tudes below 80 kilometers in the day time and below 105 kilo- 
meters at night, the generally accepted variations in chemical 
composition are too small to affect appreciably the computed pres- 
sures and densities. However, it is believed that at levels above 
those -just specified significant changes in composition result 
from the dissociation'of oxygen molecules ^ solar radiation. 
Furthermore, it is known that the presence of water vapor in xne 
ÄherTdoes not appreciably affect pressures.and densities. 
A«» a result of such considerations, and in the interest 01 s» 
«licit? the following tentative specifications for composition 
nf!h/•S atmosphere were recommended by the Subcommittee 
and havePbeen aaop?ef for the purposes of computing the values 
in these tables: 

a  For day time, the dissociation of oxygen is such as to 
produce a linear volume gradient from all-molecular oxygen at 
So kilometers to all-atomic oxygen at 100 kilometers. Except for 
oxygen association, the composition is the same as that at sea 
level, 

b  For night time, the dissociation of oxygen is such as to 
produce aTinear volume gradient »«VSoSlÄf^St 
int: vnnnpters to all-atomic oxygen at 120 kilometers. £x?eP|; 
fSr oxygen dissociation, the composition is the same as that at 
sea level. 

c. At altitudes below the regions of oxygen dissociation, 
the composition is the same as that at sea level. 

~ d  At altitudes above the regions in which both molecular 
and atomic oxygen exist, as stipulated in (a) and (b), and up to 
at least 120 kilometers, the composition is the same as that at 
sea level, except for oxygen which is in the atomic rather than 
in the molecular form. 

The variation with altitude of the specified molecular 
oxygen content of the atmosphere is graphically portrayed in 
Figure 3.19(a). 

The sea level values for the several properties of -the atmo- 
sphere, upon which the computed values for the upper atmosphere 
are based, are given in Table 3.2. 

"****?* HWSU'Wti' --_-—•- 
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The graphs of Figure 3.20 are based on the inverse square 
variation of gravity and therefore correspond to Tables 3.6 and 
3„7. The variation of the ratio of specific heat (Y) shown in 
Figure 3.20(a) is based on the dissociation of oxygen above 80 
kilometers by day, and above 105 kilometers by night. The effect 
of pressure and temperature upon Y is estimated to be less than 
0.6% and is ignored. 

Figure 3.21 shows the temperature as a function of the 
altitude. The graph from 0 to 65,000 feet is based on data from 
Diehl (Ref. 3.4) and from 65,000 to 393»700 feet on data from 
Warfield (Ref. 3.3) • 

The graphs of Figures 3.22 and 3.23 are based on an arbitrary 
constant value of gravitational force and therefore correspond to 
Tables 3.4 and 3.5. 

The velocity of sound in the NACA standard atmosphere (Ref. 
3.4) and in the NACA tentative standard atmosphere (Ref. 3.3^ is 

shown in Figure 3.24. 
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XlneBatlo 
Ttteooltj, 

U-ft 
(n/»oe) 

H«an free 
Mth or 

3.0l607xl<T2l 
3.01738 
3.01880 

295.0          0,00102x10^ 
296.0          0.00111 
296.O          0.00120 

»,02033 296.0          O.OOI30 
296.0          0,001*0 0.02199 

0.02373 296.0          0.00151 
296.0          0.0016* 0,02572 

0.027B2 296.0          0.00177 
). 03008 296.0 1.00192 
0.0325* 296.0 3.00207 
o.03518 
O.O3805 

296.0 3.00324 
296.0 3.002*2 

3.0*115 296.0 0.00262 
0.0**51 296.0 t.0028* 
0.0*813 
0.05206 

296.0 (.00307 
296.0 1.00332 

0.05630 
0.06089 

296.0 
296.O 

0.OO359 
0.00388 
0.00*19 
0.00*5* 

0.06585 296.0 
0.07122 296.0 
0,07700 
0.08330 

296.0 0.00*90 
296.0 3,00531 

O.O9009 0.0057* 
O.OÖ621 0.097*3 

0.105* 
296.O 
296.O 0.00671 

0.1175 
0.1307 
0.1*52 

298.5 
300.9 
303.* 

0.00738 
O.OÖ809 
3.00387 

0.1610 305.8 
3Ö8.2 0.1782 0.0106 

0.1969 310.6 0.0116 
0.2172 312.9 0.0126 
0.2393 
0.2633 

315.3 
317.6 

0.0137 
0.01*9 

319.9 
322.2 

0.0162 

S:lgl 0.0175 

326.5 
O.01W 

8:88 O.0206 
0.0222 

°.»535 331.2 0.02*0 
o.*9W 333.5 0.0259 

O.O278 S:p 335.7 
337.8 
3*0.0 

0.0300 

0.6900 
0,7480 
0.8100 

3*2.2 0.03*6 
3**.3 0,0372 

?!S:i 0.0399 
0.0*27 0.8763 

0.9*70 350.7 
352.8 

0.0*W 
0.0*89 1.022 

1.103 35J.9 0.0523 
O.O558 1.189 356.9 

1.280 

i:5S 
359-0 0,059§ 

0,0636 
363.1 0.0677 

1.59Q 
1.706 
1.929 m 369.1 

0.0721 
0,0767 
0.0816 

1.960 371.1 0.0867 
2.099 373.1 0.0921 
2.2»S 
2.358 
2,»76 

375.1 0.0978 
375.1 
375.1 

0.103 
O.IOB 

2.599 375.1 0.113 

I:H 375.1 0.119 
375.1 0.125 
375.1 

3.160 375.1 0.138 
0.1** I:US 375.1 0.152 

1:151 
5.033 

375.1 
375.1 

0.159 
0.167 
0,176 
0.18* 
0.19* 

375.1 

J:!J1 375.1 
375.1 

».669 375.1 0.203 
».902 375.1 0,213 

0.22* 5.M8 375.1 
5.W5 375.1 O.S35 

0.2*7 5.675 375.1 

\M 375.1 
373.* 

0.259 
0.270 
0.281 371.8 

1:115 
366.6 

0.293 
O.3OS 
0.318 7.070 

7.322 365.1 0.332 
0.3*7 
O.36? 

7.586 
7.861 
8.150 

363.» 
361.7 
360.0 0.370 

8.*52 
8.767 
9.098 
9>** 

358.3 
356.6 

0.395 
0.*12 

35».9 0.J31 
353.1 0.*51 

9.807 Wti 0.*72 
10.19 0.*9* 
10.59 «M 0.518 

11.** 3»*.3 0.569 
0.596 11.91 3*2.5 

1*.60 
15.89 

3*0.7 0.626 
337.1 
333.5 
329,8 
326.0 

0.691 

S:l!a 
17.32 
18.92 

0.939 
322.2 1.05 

20.70 318.* 1.17 
31*. 5 
310.6 

1.31 
l.»7 2* .96 

28.78 310.6 1.69 
33.18 310.6 1.95 

Table 3.5 PROPERTIES OP THE UPPER ATMOSPHERE FOR TENTATIVE 
STANDARD TEMPERATURES BASED ON AN ARBITRARY CONSTANT 
VALUE OP GRAVITATIONAL FORCE - Metric Engineering 
System. Table II of Ref. 3.3- 
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Absolute 
Altitude,    teraperti- 

h                  two, 
(n)                 T 

(°K) 

Pressure, Pressure 
ratio. 

Density, 

(4FL) 
Density 
ratio, 

P 

,      .*.        Coefficient       Klnenatic      .      .    . 
p . it      °f viscosity,      viscosity,    Speed of 
velght,                p       "                 u       1   sounO, 

lean free 
path of 

noleeules, 
X 

(•a) 

(1) (I)         1 

(b) Por day only 

80.000 240.0 0.3256 3151X10"8 4726x10-9 3782xlo-8 16J5X10"8 

ISS 
1.568X10'6 0.3318 

O.3863 
0.5489 

310.6 1.95>:10_3 
81.000 250.0 0.2826 2735 

2378 
4060 3218 1.568 312.5 2.25 

2.58 82.000 250.0 0.2157 3493 
2408 

1.568 314.5 
83,000 
85.000 

240.0 0.2139 
0.1866 

2070 3009 2951 1.568 0.5211 316.5 
320,8 5:8 

5.00 
253.6 1806 2561 2019 2512 1.588 0.6200 

85,000 2*7.3 0.1634 1582 2188 1751 2145 
I838 
I58I 

1.607 0.7348 
0.8682 

325.2 
86,000 250.9 0.1535 

0.1265 
WSJ 
1225 

1871 1500 1.627 
1.646 

329.6 4.62 
87,000 
88,000 

255.6 1612 1290 1.021 333.9 
338.3 
352.7 

5.32 
258.2 
261.9 

0.1118 1082 1391 1113 1364 1.666 1.197 6.11 
89,000 O.09908 959.0 1201 963.7 1181 1.685 1.400 6.99 
90,000 265.5 O.O8810 852.7 1046 837.1 

728.9          S 

»69.7 

1026 1.704 1.629 357.1 7.97 
91,000 269.2 O.O7850 159.7 

679.0 
608.3 

910.9 93.2 1.723 1.852 
2.169 
2.526 

351.5 9.07 
92,000 
93,000 
95,000 

272.8 
276.5 
280.1 

0.07016 
0.06285 

795.7 
697.0 

1.742 
1.760 

355.9 
360.5 

10.3 
11.6 

0.05613 516.1 
591.6 
453.7 

611.9 
538.8 
575.8 

>O0.1 1.779 2.907 

Ids 
5.633 

§64.8 13.1 
11.8 
16.6 

93,000 
96,000 

283.8 
287.» 

0.0507? 
0.01585 3&o'.7 

)28.4 
»66.6 '••Vl 1.816 

369.2 
373.7 
3P .1 
382.6 

97,000 
98,000 

291.1 0.04114 501.1 421.0 336.9 »12.9 1.834 18.6 

ÜW O.03756 
o.035io 

363.5 373.5 298.9 
265.7 

366.3 
325.6 

1.852 20.7 
99.000 330.1 332.0 1.870 387.1 23.1 

100,000 302.0 0.O3102 300.2 m 236.7 290.1 1.888 6.383 391.5 ti-.6 101,000 305.7 0.02827 mi 213.1 261,2 1.906 7.157 
8.013 

393.9 
396.2 102,000 309.3 0.02579 240.1 192.1 235,5 1.924 31.7 

103,000 
io5,ooo 

313.0 
316.6 

0.02355 us-.? 216.7 
195.8 

173.1 212.5 1.941 8.959 398.6 
5Ö0.9 

35-1 
0.02153 lii 192.0 1.959 

1.976 
10.00 36.9 

53.0 105,000 
106,000 

320.3 0.01570 
0.01805 

190.7 177.2 
160.5 

173.7 
157.4 
152.7 

11.16 403.2 
323.9 
327.6 im 128.4 1.991 12.12 405.5 47.5 

107,000 
108,000 

0.01655 145.5 116.4 2.011 13.82 407.7 52.3 
331.2 0.01519 147.0 132.1 105.7 129.5 2.028 15.36 410.0 57.7 

109,000 335.9 0.01385 135.1 120.0 96.03 117.7 2.045 17.01 412.3 63.5 
110,000 338.5 

352.2 
0.01283 124.2 109.2 87.35 

79.54 
107.1 2.O60 18.89 414.5 69.8 

76.8 
84.0 

111,000 0.01181 114.3 99.40 m 2.079 
2.096 

20.92 416.7 
112,000 3J5.8 O.01088 105.3 

S7-°S 
89.58 

90.60 
82.66 BS 23.13 

25.56 
28.21 

418.9 
113,000 
114,000 

349.5 0.01003 81.06 2.113 421.1 92.1 
353.1 
356.8 

0.O09255 
0.008548 

75.49 
69.00 

60.40 71.02 
67.66 

2.129 
2.116 

423.3 101 
115,000 %-M 55.21 31.10 425.5 110 
116,000 360.» 0.007900 63.13 33 61.91 

56.69 

»•i 
2.162 31.25 5s7 -l 429.8 

121 
117,000 
118,000 

364.1 0.007308 
0.006765 

60.66 

57.81 2.179 »T.t! 132 
l54 367.7 

371.5 51;lo 42.40 2.195 432.0 
119,000 0.006267 38.89 2.211 45.50 »3».l 157 
120,000 375.0 O.005810 56.21 44.62 35.71 43.76 2.227 19.92 »36.3 171 

M For night 0 aly 

80,000 
81,000 

240,0 0.3256 3151X10"8 4726x10-9 3782xlö"8 4635X10*8 1.568xlo-S 0.3318 
0.3825 
0.5111 

310.6 1.95X10"3 

210.0 1     0.2824 2733 4099 3280 1020 1.568 310.6 2.25 
82,000 240.0 0.2450 2371 loll 2845 3186 1,568 310.6 2.59 
83,000 
85,000 

210.0 0.212} 2056 
1785 

2167 3024 1.568 0.5085 310.6 2.99 
3.59 
5,07 
4.74 

253.6 0.1845 2637 
2261 

2110 2586 1.588 0.6021 312.9 
85,000 
86,000 

257.3 0.1605 1553 
1354 
U83 
1036 

1809 
155» 

2217 1.607 0.7110 
0.8376 
0.983t 

315.3 
317.6 250.9 0.1399 1913 

1673 
1443 
1248 

1905 1.627 
87,000 
88,000 

255.6 0.1222 1338 1640 1.6*5 319.9 5-51 
258.2 0.1070 

O.O9383 
1155 1415 

1224 
1.666 I.154 322.2 6.38 

89,000 261.9 908.1 998.6 I.685 1.350 324.4 7.38 

90,000 265.5 
269.2 

0.08243 
0.07255 
0.06395 
0.05S57 
0.05995 
0.04525 
0.03926 
0.03189 

797.8 1081 865.3 IO6O 1.701 1.576 
I.635 

326.7 
9.81 91,000 702.1 

618.9 
5,i.6 
483.4 
428.3 
380.0 

038.8 
816.5 

751.2 
653.3 
569.3 
597,0 
435.6 
380.7 

920.6 
800.6 

1.723 328.9 
92,000 272.8 1.742 a<}33 

2.474 
2.864 

331.1 11.3 
93,000 
95,000 

276.5 
280.1 

711.5 
621.1 

697.7 
609.1 

1.760 
1.779 
'••PS 1-l1f 

333.4 
335.5 

12.9 
14.8 

95,000 
96,000 

283.8 
287.» 

5*3 •! 475.8 m w 
s'.ow 
5.790 

337.7 
339.9 
342.0 

17.0 
19.4 

97,000 
98,000 
99,000 

291.1 337.7 417.5 33».l M09.* 1.834 22.1 
as*.? 
298.« 

0.03105 
0,02767 

300.5 
267.6 

367.O 
323.0 

293.6 
258.5 5M 1.852 

1.870 
344.2 
346.3 28.5 

100,000 302.0 0.02169 239.0 284.8 227.9 fit:! 1.888 6.630 348.4 32.3 
101,000 305.7 0.02207 213.6 251.5 

222.5 
201.2 1.906 l%l 35J-I 36.6 

41.1 102,000 309.3 0.01975 191.1 178.0 218.1 1.921 352.6 
103,000 

-   io5,ooo 
313.0 
316.6 

0.01770 
0,01588 
0.01126 

171.3 
153.6 
138.0 

197.0 
175.7 

157.6 193.1 1.912 9.859 354.7 16.8 
139.8 
125.1 

171.3 1.95? 11.22 35S-I 
358.8 

52.7 

8.. 
8:1 

105,000 
106,000 

320.3 155.1 152.1 1.976 12.74 
14.64 323.9 

327.6 
331.2 

0.01284 124.2 136,2 109.0 133.5 1.991 363.9 
107,000 
108,000 

0.01158 
0.01058 

112.1 
101.4 

119.8 
105.8 s-.il 117.5 

103.7 
2.011 
2.028 

16.78 
19.18 

369.0 
375.1 

109,000 335.9 0.009501 91.95 93.60 74.90 91.79 2.045 21.85 379.2 93.2 

110,000 338.5 
352,2 

O.OO8636 
0.007867 

83.5? 
76.14 

83.06 66.47 81.46 2.062 24.83 
28.15 ^•l 104 

111,000 73.90 
65.91 
56.93 
52.60 
57.41 

59.13 
52.74 
47.16 
42.25 
37.95 
31.13 
30.78 
27.82 
25.18 

61-.63 
2.079 
2.095 

385.5 
395.6 115 

112,000 355.8 0.007183 
0.006573 
O.OO6026 
0.005534 

69.52 31.80 127 
113,000 
u5,ooo 
115,000 

349.5 
353-1 
356.8 

63.62 
58.32 
£3,56 
59.28 

57.79 2.113 
2.129 
2.116 

35.85 

SI:! 5o5l9 
110.1 

141 
155 
170 
187 116,000 360.11 O.OO5O9I 

0.005695 
12.66 41.83 2.162 50.69 415.3 

420.6 117,000 
118,000 
119,000 

361.1 55.54 38.47 37.73 

IS".»! 
2.179 56,63 

63.1' 
70.27 

205 
225 
245 

367.7 
371.5 

0.005336 
0.005011 

41.97 
38.82 

34.77 
31.57 

2.195 
2.211 

425.8 
431.0 

120,000 375.0 0.003718 35.98 28.55 1 22.85 28.00 2.227 78.01         »36.3 267 

*The values for viscosity listed in these columns are not applicable at the higher altitudes vhere the mean froe paths of 
the molecules are cotsparable to or longer than the dimensions of the body being considered»    Furthermore, the values listed 
are based on the conventional Sutherland formula for normal air and, consequently, no allovance has been made for the effect 
of dissociated oxygen in the atmosphere at the higher levels. 

NATIONAL ADVISORY 

Table   3.5   PROPERTIES OF THE UPPER ATMOSPHERE POR TENTATIVE 
STANDARD TEMPERATURES BASED ON AN ARBITRARY CONSTANT 
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System.    Table II of Ref. 3.3.  (Concluded) 

COHHITTEt FO* MHOHMJTKS 

L 



Handbook of Supersonic Aerodynamics Page 3-33 
April 1, 1950 

1 . 
1/ 

'   J\ <T 

Table 3.6 PROPERTIES OF THE UPPER ATMOSPHERE FOR TENTATIVE 
STANDARD TEMPERATURES BASED ON AN ARBITRARY CONSTANT 
VALUE OF GRAVITATIONAL FORCE - British Engineering 
System. Table III of Ref. 3.3. 

<L ̂ 

HrpM^iawW« 

lu«^ *^A'A«UH- -v-^~ 



r-- 

Page 3-34 Handbook of Supersonic Aerodynamics 
April 1, 1950 

> 
Altitude, 

b 

Absolute 
tempera- 

ture 
Pressure, 

(lb/ft2) 

Pressure 
ratio. 

Density, 
P 

Density 
ratio. 

speolflc        Coofflolent    Kjnomatlc 
velKht,       of vlsooslty,  «»»"»Jty, 

Speed of 
sound, 

Mean free 
path of 

(ft)                    1 ' 
(°P /.Us.) 

P/PO ; slugs/ft3) "k »-8P 
(lb/ft3) lb sec/ft2} 

(1) (ft^soc) 
a 

(ft/see) 
molecules, 

(ft) 

(b) For day onl} 

262,467 432.0 0.06669 3.151X10"5 

2.949 
89.93X10-9 3.782X10"5 2.893X10"6 3.212x10-7 3.572 1019 6.40xlo~3 

264,000 432.0 0.06241 03.75 3.522 2.695 3.212 3.835 
4.208 

1022 6.84 
266,000 432.0 0.05724 IM 76.33 

69.65 
3.210 2.456 

2.241 
3.212 1026 7.45 

8.12 268,000 432.0 0.05257 
0.04829 
0.04438 
0-.04381 

1:11? 
2.442 

3.212 4.612 1030 
270,000 432.0 2.282 63.59 

58.07 
2.046 3.212 5.051 1034 8.83 

272,000 432.0 2.097 1.868 3.212 5.531 1038 9.61 
272,309 432.0 2.070 57.26 2.408 1.842 3.212 5.610 1038 

1046 
9.74 

27*,O0O 535.5 0.04082 I.929 52.67 
47.77 
43.42 

2.215 1.695 3.232 6.136 10.5 
276,000 439.4 

443.4 
O.0376O 
O.03469 

x-v% 2.009 1.537 3.257 6.818 1054 11.5 
278,000 I.638 1.826 1.397 3.282 7.559 IO63 12.6 
280,000 447.4 0.03200 1.512 39.45 1.659 I.269 3.306 8.380 1072 

1081 
13,8 

282,000 451.4 0.02956 1.397 35.91 1.510 1.155 3.331 9.273 15.1 284,000 5l5-5 0.02736 1.293 
1.198 
1.111 

32.74 
29,89 
27.32 

1.377 1.053 
0.9618 
0.8791 
0.8048 

3.355 10.25 1089 
1098 
1107 
1116 

16.4 
286,000 
288,000 

459.* 
463.4 

0.02535 
O.0235I 

1.257 
1.149 

3.379 
3.403 £-.8 17.9 

19.5 290,000 467.4 0.02184 1.032 
0.9588 

25.02 1.052 3.427 13.70 21.1 292,000 571-5 0.02029 
0.01888 

22.91 °'2§35 
O.8837 

0.7371 3.451 15.06 1124 22.9 
294,000 i75<5 0.8920 21.01 O.676I 3.475 16.54 1133 

1142 
24.9 

296,000 479.4 
4Ö3.4 

0.01759 0.8310 19.30 0.8117 0.6210 3.499 18.13 
19.86 

26.9 
298,000 0.01639 0.7746 17.74 0.7460 0.5707 3.523 1151 29.1 
300,000 487.4 0.01530 

0.01428 
0.7228 
0.6750 

16.32 0.6865 0.5152 
0.4837 

3.546 21.73 II60 31.5 302,000 491.4 15.03 0.6322 
O.5833 
0.5384 
0.4972 

3.569 23.75 1169 34.0 
304,000 495.4 0.01336 0.6314 13.87 O.4483 3.593 25.90 Si? 36.6 
306,000 499.4 0.01250 0.5908 12.80 0.4119 

0.3804 
3.616 28.25 39.4 

42.5 308,000 503.4 0.0117O 0.5531 
0.5185 
0.4866 

11.82 1:111 30.79 
32-*7. 36.38 

1195 
1204 310,000 507.4 O.OIO98 10.94 0.5599 0.3519 

0.325» 
45.7 312,000 511.5 0.01030 10.13 

9.386 
8.TQ5 

0.4259 
0.3947 

3.685 1213 49.0 
314,000 515.5 0.009671 0.4570 0.3020 3.7o8 51:11 1222 52.6 
316,000 519.5 0.009091 

O.OO855O 
0.4296 
0.4040 

0.3661 0.2801 3.731 1231 
1240 

56.4 
318,000 523.5 8.082 0.3399 0.2600 3.754 46.45 60.5 
320,000 527.5 O.OO8O5O 

O.OO7585 
O.3804 P! 0.3158 

0.2937 
0.2416 3.777 l^:3g 1248 64.7 

322,000 531.5 0.3584 0.2247 3.799 
3.822 im 69.2 

324,000 535.5 O.OO7I53 
O.OO6744 

0.3380 §.505 0.2735 
0.2546 

O.2092 
O.I948 
0.1816 

58.75 73.9 326,000 539.5 
543.5 

0.3187 6.054 
5.645 

3.844 
6?'.48 ss SI:? 328,000 0.006368 0.3009 0.2374 

0.2367 
0.2224 

3.867 
328,083 543.6 0.006353 0.3002 5-6si 0.1811 3.867 68.71 1285 84.5 
330,000 5*7.5 O,006oia 0.2841 5.288 0.1701 3.889 73.54 1289 

1294 
89.9 
95.8 332,000 551.5 0.005686 0.2687 0.20S8 0.1597 3.911 

334,000 555.5 0.005377 
0.005087 
0.004812 

0.2541 
0.2404 

4.661 0,1960 
0.1842 

0.1500 
0.1409 
0.1324 

3.933 1298 102 
336,000 559.5 4.380 3.955 3:& 1303 

1308 
109 

338,000 563.5 0.2274 4.114 0.1730 3.977 116 

340,000 567.5 0.004556 0.2153 3.866 0.1626 0.1244 3.999 
4,021 

103.4 1312 123 342,000 571.5 0.004315 0.2039 3.636 0.1529 
0.1440 

0.1170 110.5 1317 131 344,000 575.5 0.004091 0.1933 
O.183I 

3.424 0.1102 4.043 118.1 1322 ill 316,000 579.5 
583.5 

0.003875 
O.OO3674 
0.003485 

3.220 0.1354 0.1036 4.065 126.2 1326 
348,000 O.I736 

0.1647 
3-S3? 0.1275 0.09755 4.086 «4.8 

143.7 
1331 157 

350,000 587.5 2.858 0.1202 O.O9I96 
O.0866O 

4.108 1335 167 
352,000 591.5 O.OO3306 0.1562 

0,1482 
2.692 0.1132 4.129 153.4 1340 31 354,000 595.5 0.003136 2.537 0.1067 0.08163 4.151 I63.6 

174.4 
185.7 

1344 
356,000 599.5 0.002978 

0.002829 
0.1407 2.392 0.1006 0.07697 

0.07264 
4.172 1349 199 358,000 603.5 0.1337 2,258 0.09495 4.193 1353 211 

360,000 607.5 0.002690 0.1271 2.132 O.O8967 
0.08466 

O.O6860 4.214 197.7 
210.4 

1358 223 
362,000 611.5 0.002556 

0.002429 
0.1208 2.013 0.06477 

0.06U6 
4.236 1362 236 

364,000 615.5 0.1148 1.901 0.07994 
4.278 

223.9 
238.2 

1367 250 
366,000 619.6 0.002311 0.1092 1.796 0.07554 

0.07142 
0.06753 

0.0577? 
0.05464 

1371 265 368,000 623.6 0.002199 0.1039 
0.09887 

1.698 4.299 11:1 1376 
1380 

280 
370,000 627.6 0.002092 I.606 0.05166 

0.04886 
4.319 296 

372,000 631.6 0.001992 
O.OOI897 

0.0Ö411 
0.08962 

1.519 
1.437 
1.360 
1.288 

O.O6387 
0.06044 

4.340 285.7 1384 313 371,000 635.6 0.04624 4.361 303.5 1389 331 376,000 
378,000 

639.6 
643.6 

0.001806 
0.001721 

0.08536 
0,08133 

0.05720 
0.05416 

O.04376 
0,04144 

4.382 
4.402 

322.2 
341.8 

1393 
1398 

350 
370 

380,000 647.6 0.001640 0.07751 1.220 0.05130 
0.04861 

0.03925 4.423 362.5 1402 390 
4il 382,000 651.6 0.001564 

0.001492 
0.07390 
0.07049 
O.O6724 
0.06417 

1.156 0.03719 
0.03526 

4.443 
4.464 

384.3 
407. j 

1406 
384,000 655.6 I.O96 0.04609 1411 434 
386,000 659.6 0.001423 ^••S3?. 0.04369 0.03343 4,484 431.6 1415 *58 

483 388,000 663.6 0.001358 0.9856 0.04145 0.03171 4.504 55,7-0 
483.9 

1419 
39o;ooo 667.6 0.001296 0.06126 °-855a 

0.8872 
0.03933 O.03009 

0.02854 
5.5?5 1423 

1428 
509 

392,000 671.6 0.001237 0.05847 
0.05624 

0.03731 4.545 512.3 
560 393,700 675.0 c.001190 0.8491 0.03571 0.02732 4.562 537.3 1431 

The values for viscosity listed in these columns are not applicable ot the higher altitudes vhere the mean free paths of 
the molecules are comparable to or longer than the dimensions of the body being considered.    Furthermore, the values listed 
are based on the conventional Sutherland formula for normal air alid, consequently, no allowance has been made for the ofrect 
of dissociated oxygen in the atmosphere at the higher levels. 
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Altltudo, 
h 

Absolut« 
tempera- 

ture,. 
»ressure, 

p   _ 
Fressuro 
ratio. 

Density, 
P 

Density 
ratio. 

Specific         Coefficient 
Wolght,        of vioooslty 

Kinematic     a„.fl ...   Mean froe 
viscosity,   Speed of 

(ft) T 
°P ab».) 

(ib/rt2) p/P0             (slugo/ft3) "k v - gP                     u-     « 
(lb/ft3)        (lb-seo/ftz) 

(1) 
(rtVsec) 

U) 
ft/sec)          (Jt) 

(e) For night only 

262,167 132.0 0.06669 3.151x10-5 89.93X10"9 3.782x10-5 2.893XIO-6 3.212X10-7 3.572 1019 6.40x10-3 
261,000 132.0 0.06239 2.948 84.13 

77.14 
3-53? 
3.244 

2.707 
2.482 

3.212 3.818 
1.161 

1019 6.81 
266,000 132.0 0.05720 2.703 

2.479 
3.212 1019 7.16 

S43 268,000 132.0 0.05246 
0.0I810 

70.71 
61.87 

2.975 
2.728 

2.276 
2.087 

3.212 1.5*1 1019 
270,000 132.0 VMl 3.212 1.951 

5.101 
1019 8.87 

272,000 132.0 0.01110 52-57 
58.67 

2.501 
2.167 i:ii? 3.212 1019 9.67 

272,309 132.0 0.01351 
0.04044 

2.056 3.212 5.175 
5.?71 

1019 9.80 
271,000 135.1 1.911 51.10 

49.20 
11.80 

2.275 
2.069 
1.884 

1.741 3.232 1023 
1028 

10.6 
276,000 139.1 

113.1 
0.03712 
O.O3I08 

1.751 
1.611 

1-§?3 1.441 
3.257 
3.282 

6.620 11 -l 12.8 278,000 7.326 1032 

280,000 117.1 0.03131 
0.02864 

1.181 10.80 1.716 
1^198 

3.306 §-!?3 1037 
1042 

14.1 
282,000 151.1 1.363 37.21 1.566 

1.429 
1.304 

3.331 8.9*5 
9.873 

15.5 
281,000 155.1 O.02656 

0.02446 
1.255 33.98 1.093 3.355 1046 16.9 

286,000 159.1 1.156 31.01 0.9976 3.379 
3.403 

10.90 1051 18.5 
288,000 163.1 O.O2256 1.066 28.31 1.192 0.9120 

0.8339 
12.01 1055 20.3 

290,000 167.1 C. 02081 0.9832 25.92 1.090 
0.9981 

3.127 13.22 
11.5* 

1060 22.2 
292,000 171.1 0.01921 mi 23.71 0.7638 3.151 1064 21.2 
291,000 175.1 0.01774 

0.01640 
21.71 0,9112 

0.8378 
O.7S87 

0.699* 
0.6410 

3..175 15.98 1069 26.5 
296,000 479.1 

183.1 
0.7718 19.92 3.199 17.57 1073 

1078 
28.9 

298,000 0.01517 0.7168 18.28 0.5881 3.523 19.27 31.5 

300,000 187.1 0.01406 0.6613 16.80 O.7065 0.5105 
0.4964 

3.5*6 21.11 1082 31.2 
302,000 191.1 0.01302 0.6151 S:S 0.6489 3.569 23.13 

25.31 
1087 u 301,000 195.1 0.01206 0.569? O.5963 

0.5187 
0.4562 3.593 1091 

306,000 199.1 0.01119 
0.01038 

0.009642 
O.OO8958 

0.5286 
O.4906 

13.05 0.4198 3.616 27.71 1095 44.1 
308,000 503.1 12.01 O.5052 

0.4651 
O.3865 3.639 

3.662 
30.30 1100 17.9 

310,000 507.1 0.4556 11.07 0.3561 33.08 
36.13 

1104 52.0 
312,000 511.5 0.4233 10.20 0.4290 0.3282 3.685 

3.708 
1109 56.1 

311,000 515.5 0.008327 0.3935 9.109 
8.686 

0.3957 0.3027 39-11 
42.95 

1113 61.1 
316,000 519.5 0.007715 O.366O O.3653 

0.3374 
0.2795 
0.2581 

3.731 1117 66.2 
318,000 523.5 0.007210 0.3107 8.023 3.751 46.79 1122 71.7 

320,000 527.5 O.006711 0.3171 7.110 
6.853 

°-3il6 0.2381 3.777 %% 1126 77.6 
83.9 
90.8 

328,000 531.5 O.006253 
0.0Q5826 

0.2955 0.2882 0.2205 3.799 
3.822 

1130 
321,000 535.5 0.2753 6.337 0.2665 O.2039 

O.I889 
60.31 
65.17 
71.14 

1131 
326,000 539.5 

5*3.5 
0.005137 0.2569 5.S71 0.246? 

0.2286 
3.844 1139 

1143 
98.0 

328,000 0.005073 
0.004736 
0.001*23 

0.2397 
0.2238 

5.136 0.1719 3.867 106 
330,000 517.5 §-?39 

1.673 
0.2119 0.1621 3.889 77.18 

83.69 
1147 111 

332,000 551.5 0.2090 0.1965 
0.1823 

O.I503 3.911 1151 123 
331,000 555.5 0.004133 

0.003864 
0.1953 
0.1826 

1.335 0.1395 
0.1294 

3.933 90.73 1155 l?3 
113 
151 

336,000 559.5 1.023 
3.738 

0.1692 3.955 98.31 1160 
338,000 563.5 0.003617 0.1709 0.1572 0.1203 3.977 106.4 1164 

310,000 567.5 0.003384 0.159? 
0.1496 

3.171 0.1461 0.1118 3.999 
4.021 

115.1 
121.6 

1168 166 
312,000 571.5 0.003166 3.227 0.1357 0.1038 1172 178 
311,000 575.5 O.OO2967 0.1402 3.003 0.1263 O.09663 

0.09*9* 
O.O8936 

1.043 
4.018 

131.6 1176 192 
311,187 576.5 0.002920 O.I380 2.951 0.1211 137.2 

1*6.4 
1177 
1185 

195 
316,000 579.5 

583.5 
0.002781 0.1311 S33 0.1168 J-065 206 

318,000 0.002611 0.1231 0.1080 O.08263 
0.07644 

1.086 159.1 1195 221 
350,000 587.5 0.002453 0.1159 

0.1089 
2.376 O.09992 

0.09248 
1.108 m 1205 237 

352,000 591.5 0.002305 2.199 0.07075 1.129 1215 253 
351,000 595.5 0.002169 0.1025 2.039 0.08575 O.06560 1.151 203.6 1226 271 
356,000 599.5 0.002041 0.09646 1.891 0.07951 O.O6083 

0.057*6 
1.172 220.6 1236 

1246 
290 

358,000 603.5 0.001921 O.O9090 I.756 O.07383 1.193 238.8 310 

360,000 607.5 0.001815 
0.001714 
0.001618 
O.OOI53I 
0.001449 

O.08576 1.632 0.06864 O.0525I 
0.04887 

1,214 258.2 1256 331 
362,000 611.5 O.08098 

0.07648 
0.07235 
0.06848 

i:8* 
1.319 

0.06388 1.236 278.9- 1267 353 

ioo 361,000 
366,000 

615.5 
619.6 

0.059*7 
0,05516 

0.04550 
0.04243 

5-257 
I.278 

301.1 
321.3 

1277 
1287 

368,000 623.6 1.231 
1.149 

O.05175 
O.0I83I 

0.039M 
O.03698 

1.299 319.2 1297 
1308 

425 
370,000 
372,000 

627.6 0.001373 0.06488 5-319 375.9 
403.7 

151 
631.6 0.001302 0.06151 1.075 0.04520 O.O3I58 4.310 1318 179 

506 371,000 635.6 0.001235 O.05836 1.006 0.04229 0.03235 1.361 533.5 1328 
376,000 
378,000 

639.6 
6*3.6 

0.001172 
0.001113 

0.05537 
0.05260 

0.9409 
O.8817 

0.03957 
0.03708 

0.03027 
0.02837 

I.382 
1.402 

165.7 
199.3 

1339 
I3I9 

539 
571 

380,000 617.6 0.001058 0.05000 
0.04757 
0.04528 

0.8268 0.03*77 
0.03264 

0.02660 5'5?3 535.0 1359 601 
382,000 651.6 0.001007 O.776I 0.02497 

0.02345 
0.02204 

I.II3 
1.164 

572.5 1370 
1381 §1 

384,000 655.6 0.0009582 0.7288 0.03065 612.5 676 
336,000 659.6 O.OOO5I27 0.04313 O.685I 

0.6444 
0.02881 4.484 f55'5 1391 

1401 
711 

388,000 663.6 0.0008702 0.04112 0.02710 0.02073 ».501 698.9 
746.2 

751 
390,000 667.6 0.0008296 0.03920 0.6064 O.0255O 

0.02402 
0.01951 5-5?5 1412 1 392,000 671.6 0.0007917 

0.0007614 
0.03711 0.5712 

O.5I3I 
0.01838 
0.01748 

1.5J5 795.7 
839.5 

1422 
393,700 675.0 0.03598 0.02285 1.562 1431 875   1 

1        1 
The values for viscosity listed In these columns are not applicable at the higher pltitudes vhore the mean froe paths of 

the molecules are comparable to or longer than the dimensions of the body being considered. Furthermore, the values listed 
are based on the conventional Sutherland formula for normal nir and, consequently, no allovance has been made for the effect 
of dissociated oxygen in the atmosphere at the higher levels. 
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Table 3.7 PROPERTIES OP THE UPPER ATMOSPHERE FOR TENTATIVE 
STANDARD TEMPERATURES BASED ON AN INVERSE SQUARE 
VARIATION OP GRAVITATIONAL FORCE - Metric Engineering 
System. Table IV of Ref. 3.3. 
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-T1 

Altitude, 
h 

(•»> 

80,000 
81,000 
82,000 
83,000 
84,000 
85,000 
85,000 
87,000 
88,000 
89,000 

90,000 
91,000 
95,000 
93,000 
9',000 
95,000 
95,000 
97,000 
93,000 
99,000 

100,000 
101,000 
105,000 
103,000 
104,000 
105,000 
106,000 
107,000 
108,000 
109,000 

110,000 
111,000 
112,000 
113,000 
114,000 
115,000 
116,000 
117,000 
118,000 
119,000 
120,000 

80,000 
81,000 
82,000 
83,000 
84,000 
85,000 
86,000 
87,000 
88,000 
89,000 

90,000 
91,000 
92,000 
93,000 
94,000 
95,000 
96,000 
97,000 
98,000 
99,000 

100,000 
101,000 
102,000 
103,000 
104,000 
105,000 
106,000 
107,000 
108,000 
109,000 

110,000 
111,000 
112,000 
113,000 
114,000 
115,000 
116,000 
117,000 
118,000 
119,000 
120,000 

Absoluts 
teopera- 

ture, 
1 

<°)0 

Preaaure, Proaaure 
ratio, 

P/P0 

Density 
ratio. 

•-r 

3peolflc 
veight, 
v - SP 
(ice/m3) 

Coefficient 
of vlacooltj, 

v ft)' 

Kinenatic 
viacoalty, 

(BaAec) 
(1) 

Speed of 
sound, 
a 

(B/SOC) 

Mean free 
path of 

ooloculea. 

(a) 

(b) Por day only 

240.0 
240.0 
240.0 
240.0 
243.6 
247.3 
250.? 
254.6 
258.2 
261.9 

265.5 
269.? 
272.8 
276.5 
280.1 
283.8 
287.* 
291.1 
29J.7 
298.4 

302.0 
305.7 
309.3 
313.0 
316.6 
320.3 
323.9 
327.6 
331.2 
334.9 

338.5 
342.2 
345.8 
349.5 35M 356.8 
36O.4 
364.1 
367.7 
371.4 
375.0 

0.3675 
0.3201 
0.2793 
0.2439 
0.2136 
0.1877 
0.1653 
0,1462 
0.1297 
0.1153 

0.1029 
0.09195 
0.08244 
0.07408 
0.06666 
0.06023 
O.05453 
0.04945 
0.04494 
0.04093 

0.03734 
0.03412 
0.03122 
0.02859 
0.02621 
0.02406 
0.02210 
0.02032 
0.01870 
O.OI723 

O.OI589 
0.01466 
0.01355 
0.01252 
0.01159 
0.01074 

0.009947 
0.009227 
0.008565 
0.007958 
0.007398 

2703 
2361 
2067 
1817 
1600 
1415 
1255 
1116 

995.6 
890.O 
797.9 
717.0 
645.7 
583.0 

V!k'.6 
435.0 
396.1 
361.4 
330.2 
302.1 
276.7 
253.7 
232.8 
213.9 
196.7 
181.0 
166.8 

153.8 
141.9 
131.1 
121.2 
112.2 
103.? 
96.27 
89.30 
82.90 
77.02 
71.60 

533JX1Ö-9 

4598 
3970 
3432 
2931 
2513 
2160 
1864 
1614 
1402 

1222 
1067 

935.1 
821.5 

565!» 
502.2 
446.9 
398.5 

356.0 
321.4 
290.6 
263.1 
238.4 
216.3 
196.5 
178.7 
I62.7 
148.2 

135.2 
123.5 
112.8 
103.2 

11:11 
79.50 
73.00 
57.10 
61.72 
56.82 

4268x10" 
3680 
3177 
2747 
23*6 
2011 
1729 
1492 
1292 
1122 

i;i 
657.3 
579.0 

SS:1 
401.9 
35I'§ 318.8 

284.9 
257.2 
232.6 
210.5 
190.6 
173.1 
157.2 
143.0 
130.2 
118.6 

108.2 
98.79 

IS:!! 
Pf 63.62 
58.41 

49:38 
45.56 

,-e 5102x10' 
4395 
3795 
3280 
2800 
2359 
2062 
1779 
1540 
1337 

1165 
1017 

891.0 
782.8 
689.2 
608.5 
538.6 
478.0 
425.1 
378.9 

338.4 
305.5 
276.1 

iki 
ma 
169.5 
154.2 
140.5 

128.1 
117.0 
106.9 

89:49 
82.00 
75.21 
69.03 
63.43 
58.33 
53.67 

1.568x10s 

1.568 
1.568 
1.568 
1.588 
1.607 
1.627 
1.646 
1.666 
I.685 

1.704 
1.723 
1.742 
1.760 
1.779 

IM 
1.834 
1.852 
1.8T0 

1.888 
1.906 
1.924 
1.941 
1.959 
1.976 
1.99» 
2.011 
2.028 
2.045 

2,062 
2.079 
2.096 
2.113 
2.129 
2.146 
2.162 
2.179 
2.195 
2.211 
2.227 

0.2940 
0.3*11 
°'39§2 0.4568 

0:6394 

0.8827 
1.031 
1.202 

i-JS 
1.862 
2.143 

3.208 

4.694 

5.303 
5.928 
6.616 
7.375 
8.210 
9.12? 
10.14 
11.24 
12.46 
13.79 

15.24 

&p 
20.45 
22.51 
24.75 
27.19 
29.83 
32.71 
35.82 

310.6 
312.5 
311.5 
316.6 
320.6 
325.2 
329.6 
333.9 
330.3 
342.7 

347.1 
351.5 
355.9 
360.4 
364.8 
369.2 
373.7 
3P.l 
382.6 
387.1 

391.5 
393.9 
396.2 
398,5 
400.9 
403.2 
105.5 
107.7 
410.0 
412.3 

114.5 
416.7 
118.9 
121.1 
123.3 
125.5 
5=M 
129.8 
132.0 
131.1 
136.3 

(c) For night only 

240.0 
240.0 
240.0 
24C .0 
243.6 
247.3 
250.9 
251.6 
258.2 
261.9 

265.5 
269.2 
272.8 
276.5 
280.1 
283.8 
287.1 
291.1 
291.7 
298.4 

302.0 
305.7 
309.3 
313.0 
316.6 
320.3 
324.0 
327.6 
331.2 
334.9 

338,5 
342,2 
345.8 
349.5 35?4 356.8 
360.I 
364.1 
367.7 
371.4 
375.0 

3557x10"' 
3096 m 
2044 
1785 
1562 
1369 
1203 
1058 

w& 
33:1 
573.5 

§?:? 
404.9 
361.6 
323.3 

289.5 
259.7 
233.2 

170.2 
153.7 
139.1 
126.3 
114.9 
101.8 

S:S 
80.47 
71.00 
68.15 
62.90 
58.16 
53.88 

1041 
3518 
3020 
25?8 
2240 
1936 
1675 
1155 

1265 
1101 
961.8 
611.1 

Bfc? 
568.5 
500.6 
111.5 
390.0 

315.0 
305.8 
271.3 
211.1 
211.5 
191.2 
168.4 
148.7 
131.7 
116.9 

104.1 
92.90 
63.ll 
66:99 

Si:?? 
49.24 
14.63 
40.50 
36.56 

4268xl0"c 

3713 
3233 
2815 
2416 
2079 
1793 
1549 
1341 
1164 

1012 
881.1 
769.6 
673.1 
589.7 

45i:9 
100.5 
353.3 
312.1 
276.1 
244.7 
217.1 
192.9 
171.6 
15?-2 134.8 
119.0 
105.1 
93.57 

30 
33 
.50 

59.65 
53.60 
48.28 
43.56 
39.40 
35.71 
32.4l 
29.50 

ll 

5102X10* 

ill 
2481 
2138 
1847 
1599 
1387 

1206 
1050 

916.1 
601.2 
701.8 
615.6 
541.1 
476.3 
420.0 
370.9 

328.0 
290.6 
257,8 
229.0 
203.7 
18I.5 
159t8 
141.0 
124.8 
110.8 

78.70 

«A 
57.09 
51.49 
5S-5s 42.18 
38.28 
34.82 

1.568x10 6 

1.568 
1.568 
1.568 
1.588 
1.607 
1.627 

1.685 

1.704 
1.723 
1.712 
1.760 
1.779 
M9? 1.816 
1.831 
1.852 
1.870 

1.888 
I.0O6 
1.924 
1.912 
1.95? 
1.976 
1.994 
2.011 
2.028 
2.045 

2.052 
2.079 
2.096 
2.113 
2.129 
2.146 
2.162 
2.179 
2.195 
2.211 
2.227 

0.2940 
0.3377 

%-M 
0.5259 
0.6169 
0.7265 
0.8499 

1.611 
2.093 
2.411 
2.780 m 
5.196 
1.795 

5.472 
6.233 
7.090 
8.052 
9.130 
10.31 
11.81 
13.52 
15.41 
17.49 

19.81 
22.38 
25.22 
28.34 
31.78 
35.57 

51:21 
49.18 

8:8 

310.6 
310.6 
310.6 
310.6 
312.9 
315.3 
317.6 
319.9 
322.2 
324.1 

326.7 
328.9 
331.1 
333.1 
335.5 
337.7 
339.9 
342.0 
344.2 
346.3 

348.4 
350.5 
352.6 
354.7 

358.8 
363.9 
369.0 
374.1 
379.2 

381.3 
389.4 
394.6 

410.1 
415.3 
420.6 
425.8 
431.0 
436.3 

1.68X103 

1.93 
2.22 
2.54 
2.91 
3.39 

3:8 
5.12 
5.84 

6.64 
7.52 
8.50 
9.59 
10.8 
12.1 
13.5 
15.1 
16.8 
18.7 

20.7 
23.0 

30'.9 
34.1 
37,5 
5i;2 
45.3 
49.7 

51.1 
59.6 
65.2 
71.2 

s .8 
92.4 
101 
109 
119 
129 

1.68xlO~3 

1.93 
2,22 
2.55 

1:8 
4.00 
1.63 

IS 
7.08 
8.12 
9.31 
10.6 
12.1 
13.8 
15.7 
17.9 
20.2 
22.9 

25.9 
29.2 
32.9 
37.0 
41.6 
16.6 
52.2 
58.3 
64.9 
72.1 

97.5 
107 ll8 
129 
141 
154 
168 
183 
199 

Ve value, for viscosity listed In those columns are not applicable at the higher altitudes vhere the mean.free paths of 
the molecules are comparable to or longer than the dimensions of the body being considered. Purthornoro, the values listed 
aSe based on the conventional Sutherland formula for normal air and, consequently, no allovanoe has boon made for the effect 
of dissociated oxygen In the atmosphere at the higher levels. 

KATIOHAL ADVISORY. 
COMMITTEE POR AER0KAUTIC3 

Table   3.7   PROPERTIES OF THE UPPER ATMOSPHERE FOR TENTATIVE 
STANDARD TEMPERATURES BASED ON AN INVERSE SQUARE 
VARIATION OF GRAVITATIONAL FORCE - Metric Engineering 
System.    Table IV of Ref. 3.3.(Concluded) 
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^ 

Altitude, 
h 

Absolute 
temporal 

ture. 
pressure, 

(lb/rt2) 

Pressure 
ratio. 

Density, 

(slugs/ft3) 

Density 
ratio. 

Specific       Coefficient 
weicht,      of viscosity. 

Cinematic 
viscosity, 

(ftf/feo) 

Speed of 
SOUdd, 

Kean free 
path of 

moleoulos. 
(ft) T 

(°F ab«.). 
P/J>0 0 «• «— 

^0 (lb/ft5) lb-sec/ft*) 
(1) 

(ft/soo) (ft) 

(b) For day only 

262,167 kw.fl 0.07527 3.557X10"5 

3.33» 
101.5X10"9 1.268X1Ö"5 3.185X10"6 3.212x10^ 3.165 1019 5.53X10-3 

2611,000 I32.O 0.07056 
0.06184 

94.66 
86.46 

3.981 2.970 3.212 3.392 1022 \% 266,000 132.0 3.064 3.636 2.712 
2.480 

3.212 3.715 
4.062 

1026 
268,000 132.0 O.05968 

O.0519» 
2.820 79.07 

72.3» 
3.325 3.212 1030 6.97 

270,000 »32.0 2.596 3.042 2.268 3.212 4.440 103» 7.57 
8.22 272,000 »32.0 0.05060 

0.04996 
2.391 66.SO 2.784 2.076 

2.048 
3.212 4.852 1038 

272,309 432.0 2.361 65.32 2.747 3.212 1.917 103e 
1046 1-31 

271,000 435.4 0.04664 2.204 60.18 2.531 1)887 
1.713 
1.558 

3.232 5.371 8.98 
9.62 
10.7 

276,000 
278,000 

439.4 
443.1 

0.04302 
0.03972 

2.033 
1.877 

5» .67 
»9.72 

2.299 
2.091 

3.257 
3.282 im 1054 

IO63 

230,000 447.4 O.03678 1.738 
1.611 

45.35 
41.12 

1.907 1.421 3.306 i:& 1072 
1081 

11 .T 
282,000 451.4 0.03»09 1.742 i:?R 3.331 12.7 
281,000 455.4 0.03160 "1 37.81 

34.60 
1.590 
1.455 

3.355 I:?U 1089 
1096 

13.9 
286,000 459.4 0.02933 

0.02726 
1.083 3.379 

3.403 
15.1 

288,000 463.» I.288 31.67 1.332 0.9915 10.75 1107 
1116 

16.3 
290,000 467.4 0.02537 

0.02362 
1.199 
1.116 

29.06 1.222 S-Jgl 
0.7663 
0.T054 
0.6495 

3.427 u.7? 
12.91 

17.7 
292,000 471.4 26.66 1.121 3.451 1124 19.2 
291,000 475.4 0.02201 1.010 24.49 I.O30 3.475 11.19 1133 

1142 
20.7 
22.4 296,000 SB:S 0.02055 0.9710 22.55 0.9181 3.499 15.52 

298,000 0.01919 0.9069 20,77 O.6734 3.522 16.96 1151 24.2 

300,000 487.4- 0.0179» 
O.OI679 

0.8»79 19.15 0.8053 0.5988 3.546 18.52 1160 26.1 
302,000 491.4 0.7933 

0.7435 
0,6970 

17.67 
16.33 0:6869 

0.5524 3.569 20,20 1168 28.1 
301,000 495.» 0.01573 

O.0H75 
0.01383 

0.5105 
0.4720 

3.593 22,00 SB 30.2 
306,000 499.4 15.10 O.6352 

0.5877 
0.5446 

3.616 23.95 
26.05 
28.28 

32.5 
308,000 503.4 0.6537 

0.6140 
13.97 0.4366 1:111 iin 3».? 

310,000 507.4 0.01299 12.95 0.4046 
312,000 511.5 0.01221 0.5772 

0.5431 
12.01 0.5051 

0.4690 
0.3751 
0.3482 

3.685 
3.708 

30.68 1213 
311,000 515.5 0.01149 11.15 33.26 1222 

4I :o 316,000 519.5 0.01082 0.5114 
0.4819 

10.37 
9.640 

0.4359 
0.4054 

0.3236 3.731 
36.9I 

1231 
1240 318,000 523.5 0.01020 0.3009 3.754 49.2 

320,000 527.5 0.009620 0.4546 8 977 0.3775 0,2802 3.777 12.07 
15.11 

1248 52.5 
322,000 531.5 0.009079 

O.OO8579 
0.4290 8:361 0.3516 0.260? 

0.2434 
0.2269 
0.2118 

3.799 
3.822 ill 56.1 

321,000 535.5 0.4054 7.800 O.3280 49.00 59.8 
326,000 539.5 

543.5 
0.008103 0.3829 7.274 O.3059 

0.2856 
0.2849 

3,8»» lt:!t I® 63.7 
328,000 0,007663 

0,007648 
0.3621 6.791 3.867 fu 328,083 543.6 0.3614 6.775 0.2113 

0.1988 
0.1871 

3.867 57.08 1285 
330,000 547.5 0.007248 

0:006867 
0.3425 6.375 0.2681 3.889 61.00 128? 

129« m 
81.7 
86.8 

332,000 551.5 0.3245 
0.3074 1:28 0.2522 3.911 65.22 

331,000 555.5 0.006505 0.2372 0.1758 
0.1651 

3.933 69.73 
74.52 

1298 
336,000 559.5 O.OO6167 0.2914 i-M 0.2232 3.955 1303 

I30B 338,000 563.5 0.0058»3 0.2761 0.2100 0.1556 3.977 79.64 92.2 

310,000 567.« 0.0055»0 0.2618 4.701 
4.430 

0.1977 
0.1863 

0.1464 3.999 
4.021 

85.07 1312 97.9 
104 312,000 571.5 0.005257 

0.004992 
0.2484 0.1379 90.77 1317 

311,000 575.5 0.2359 
0.2238 

4.178 0.1TC7 
O.I655 

O.I30I 4.043 96.77 1322 110 
316,000 579.5 

5§3.5 
O.O04736 
0.004199 

3.935 
3.714 
3.505 

0.1226 4.065 103.3 1326 117 
124 348,000 0.2126 0.1562 

0.1474 
0.1156 4.086 110.0 1331 

350,000 587.5 0.004275 
0.00»o6l 

0.2020 0.1091 4.108 117.2 
124.9 

1335 
13»0 

131 
352,000 591.5 0.191? 

0.1824 
3.305 0.1390 0.1029 

O.O9716 
4.129 139 

1<7 354,000 595.5 0.003860 3.122 0.1313 4.151 133.0 
141.5 
150.4 

13»» 
356,000 599.5 0.003672 0.1735 

0.1651 I:?«? 0.1240 0.00173 
0.08668 

4.172 13»9 156 
358,000 603.5 0.003494 0.1172 4.193 1353 165 

360,000 607.5 O.OO3329 
O.OO3I68 

0.1573 
0.1497 i& 0.1110 0.08205 

O.O7758 
4.214 159.8 1358 ll\ 362,000 611.5 0.1049 4.236 169.8 1362 

361,000 615.5 0.003016 0.1425 
0.1358 

2.35? 
2.234 

0.09922 0.07333 
0.06942 i:lrn 

180.4 1367 195 
366,000 619.6 0.002874 0.09395 

0.08894 
191.5 1371 206 

368,000 623.6 0.002738 0.1294 2.115 
2.O04 

0.06571 4.299 203.3 
215.6 
226.7 
242.4 

1376 217 
370,000 627.6 0.002611 0.123» 0.08428 0.06225 

O.O589» 
0.055B6 

4.319 229 
372,000 631.6 0.002489 

0.002374 
0.002266 

0.1176 1.898 O.O798I 4.340 1384 212 
374,000 635.6 0.1122 1.799 O.O7566 4.361 1389 255 
376,000 639.6 

643.6 
0.1071 1.707 

1.618 
0.07177 
O.06806 

O.05298 4'.382 
4.402 

256.7 1393 
1398 

269 
378,000 0.002163 0.1022 0.05023 272.1 283 

380,000 647.6 0.002064 0.0975» 1.535 

i:lii 
0.06456 0.04764 4.423 288.1 1402 299 

382,000 651.6 0.001971 
0*001884 

O.09316 
O.O89OI 

0.06128 0.04522 4.443 
4.464 

301.9 1406 315 
381,000 655.6 0.05819 0.01293 

0.04076 
322.5 1411 331 

3»9 386,000 659.6 0.001800 O.08505 1.311 0.05527 4,484 311.2 1415 
388,000 683.6 0.001721 

0.001646 
0,001573 

0.08131 1.219 0.05252 
0.04992 
0.04744 

0.03873 
O.O3681 
O.O3497 

4.504 360.6 1419 Hi 390,000 
392,000 

667.6 
671.6 

0.07776 
0.0743» 
0.07160 

1.187 
1.128 

4.525 
4.545 

381.2 
402.9 

1423 
1428 406 

393,700 675.0 0.001515 1.081 0.04546 0.03350 4.562 »22.0 1431 424 

The values for vlsooslty listed In these ooluans are not applicable at the higher altitude,» vhere the aeon free paths of 
the molecules are comparable to or longer than the dimensions of the body being considered.    Furthermore, the values listed 
are based on the conventional Sutherland formula for normal air and, consequently, no allovanco has been made for the effect 
of dlssooiated oxygen In the atmosphere at the higher levels. NATIONAL ADVISORY 

COMMITTEE FOR AERONAUTICS 

Table 3.8   PROPERTIES OF THE UPPER ATMOSPHERE FOR TENTATIVE 
STANDARD TEMPERATURES BASED ON AN INVERSE SQUARE 
VARIATION OF GRAVITATIONAL FORCE - British Engineering 
System.    Table V of Ref. 3.3.(Continued) 
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Aititudo, 
b 

(ft) 

Absolute 
tempera- 

turo, 

(°P aba.) 

Pressure, 

(lb/fV*) 

Pressure 
ratio, 
P/P0 

Density, 

(slugs/ft3) 

Density 
ratio. 

Specific 
velght, 
v - 8P 

(lb/ft3) 

Coefficient 
of viscosity 

lb-seo/ft2) 
(1) 

Kinematic 
viscosity, 

(ft2/aee) 
(1) 

Speed of 
sound, 

a 
(ft/ooc) 

Kenn free 
path of 

moleoules, 

(ft) 

(0) For night only 

262,167 432.0 0.07527 3.557X10-5 101.5X10"9 4.268X10"5 3.185X10"6 3.212X10"T 3.165 1019 5.53X10"3 

264.000 
266,000 

432.0 
432.0 

0.07051 
0.06480 

3.332 
3.062 !t.°36 

3.998 
3.674 

2.9?3 
2.741 

3.212 
3.212 

3.379 
3.677 
4.000 

1019 
1019 8:8 

268,000 432.0 0.05955 
0.05473 

2.814 80.30 3.377 2.51? 
2.314 

3.212 1019 6.98 
270,000 432.0 2.586 73.79 3.103 3.212 4.353 1019 7.60 

8.26 
8.37 

272,000 
272,309 

432.0 
432.Q 

0.05032 
0.04965 

2.378 
2.346 

67.87 
66. «4 

2.854 
2.815 

2.128 
2.099 

3.212 
3.212 m 1019 

1019 
274,000 435.4 0.04622 2.184 61.83 

56.36 
51.41 

2.600 1.938 3.232 5.227 1023 
1028 

9.06 
276,000 439.4 

443.4 
0.04252 2.009 2.370 1.766 

1.611 
3.257 
3.282 IM 9.94 

278,000 0.03913 1.849 2.162 1032 10.9 

280,000 447.4 0.03604 1.703 46.02 1.973 
1.802 

1.470 
1.342 

3.306 7.046 1037 
1042 

11.9 
282,000 451.4 0.03320 1.569 

1.449 
1.33» 

42.85 3.331 7.774 
8.551 
9.401 

13.1 
14.3 284,000 455.4 O.O3066 39.21 1.649 1.228 3.355 1046 

286,000 459. 4 0.02832 35.91 x'51? 1.124 3.379 
3.403 

1051 15.6 
288,000 463.4 0.02618 1.237 

1.145 
1.058 

32.91 1.384 1.030 10.34 1055 17.0 
18.5 290.000 467.4 0.02423 30.20 1.270 O.9452 

0.8654 
0.794? 
0.7294 

3.427 8:8 1060 
292,000 471.4 0.02239 27.65 I.I63 

1.068 
3.451 1064 20.2 

294,000 475.4 0.02072 0.9793 25.40 3.475 13.68 1069 22.0 
296,000 479.4 

483.4 
0.01919 0.9069 

0.8409 
23.32 
21.44 

O.9806 3.499 15.00 1073 
1078 

24.0 
298,000 0,01780 0.9017 0.6706 3.523 16.43 26.1 

300,000 487.4 O.OI653 
0.01634 
0.01424 

0.7810 
18.18 

0.8306 0.6176 
0.5683 

3.546 17.95 1082 28.3 
30,8 302,000 491.4 0.7247 0.7645 3.569 19.63 

21.46 
1087 

304,000 495.4 0.6729 16.74 
15.44 
14.25 

0.7041 s-.ss 3.593 
3.616 

1091 33.4 
36.2 306,000 499.4 0.01324 O.6255 

0.5818 
0.6492 23.42 1096 

308,000 503.4 0.01231 
0.01146 

0.5991 0.4451 3.639 25 -li 1100 ?9-? 42.4 310,000 507.4 0.5414 13.15 0.5531 0.4109 3.662 27.84 1104 
312,000 511.5 0.01067 0.5042 

O.4697 
O.4378 
0.4084 

12.15 0.5110 
0.4724 

0.3795 3.685 
3.708 

30.33 1109 46.0 
314,000 515.5 0.009940 11.23 0.3506 33.02 1113 49.7 
316,000 519.5 0.009265 10.39 0.4369 

0.4044 
0.3244 3.731 35.91 1117 53.7 

318,000 523.5 0.003643 9.616 0.3002 3.754 39.04 1122 58.0 

320,000 527.5 0.008061 0.3809 8.903 0.3744 
O.347O 

0,2779 3.777 4?.42 1126 62.7 
67.6 322,000 531.5 0,007527 

0,007028 
0.3557 8.251 

7.645 
0.2575 
O.2385 

3.799 
3.822 

46.04 1130 
324,000 535.5 0.3321 0,3215 

0.2984 
0.2770 

49.99 
54.17 
58.71 

1134 7M 78.6 
84.6 

326,000 
328,000 

539.5 
543.5 

0.006571 
0.0061S6 

0.3105 
0.2904 I-°4 6.118 

0.2213 
0.2054 

3.844 
3-II7 1139 

1143 
330,000 547.5 0.005750 0.2717 O.2573 

O.2389 
0.1908 3.889 s?s 

1147 9i-1 

332,000 551.5 0.005379 0.2542 5.681 0.1771 3-911 1151 98.1 
334,000 555.5 0.005039 

0.004721 
0 004427 

0.2381 5.284 
5.915 

0.2222 0.1647 3.933 
8o".47 

1155 105 
336,000 
338,000 

559.5 0.2231 0.2067 0.1532 
0.1426 

3.955 1160 113 
563,5 0.2092 4.577 0.1925 3.977 86.91 1164 122 

340,000 567.5 0.004152 0.1962 
0.1839 

4.261 °-17?i 0.1327 3.999 
4.021 

93.85 
101.4 

1168 131 
140 342,000 571.5 0.003892 3.966 0.1668 0.1235 1172 

344,000 575.5 0.003655 0.1727 3.700 
3.638 
3.429 

0,1556 0,1152 4.043 
4.048 
4.065 

109.3 1176 150 
355,187 
346,000 

576.5 
579.5 
583.5 

0,003602 
0.003433 

0.1702 
0.1623 

0.1530 
0.1442 

0.1134 
0.1068 

111.2 
118,5 

1177 
1185 

153 
161 

348,000 0.003231 
0 .003041 

0.1527 
0.1437 

3.279 
2.946 

0.1337 0.09896 4.083 128.5 1195 as 350,000 587.5 0.1239 
0.1149 

0.09169 
0.08502 
0.07893 
O.07334 
O.06823 

4.108 139.5 1205 
352,000 591.5 0.002863 0.1353 

0.1276 
2.732 4,129 151.1 1215 197 

354,000 595.5 0.002700 2.537 
2.358 

0.1067 4.151 163.6 1226 211 
356,000 599.5 0.002546 

0.002404 
0.1203 0.09916 4.172 176.9 1236 

1246 
225 

358,000 603.5 0.1136 2.194 0.09227 4.193 191.1 240 

360,000 607.5 0.002273 0.1074 2.044 0.08597 O.06356 4.214 206.2 1256 255 
362,000 611.5 0.002150 0.1016 1.906 0.08015 0.05925 4.236 222.2 1266 271 
364,000 615.5 O.OO2035 

0.001928 
O.OS614 1.778 0.07476 0.P5525 5-257, 4.278 Sl9^ 1277 

1287 
288 

366,000 
368,000 
370,000 

619.6 0.09111 
0.08639 

1.661 0.06984 O.05161 
0.04824 

S57.G 306 
623.6 0.001828 1.553 

1.453 
0.06529 4.299 276.8 1397 

J30S 
III 

627.6 0,001736 
0.001649 
O.OOI567 
0.001489 
0.001417 

0.08201 0.06111 0.04514 4.319 297.2 
3iS-S 341.8 

1)2 
372,000 
374,000 
376,000 
378,000 

631.6 
635.6 

O.0779O 
0.07405 
0.07038 
0.06698 

1.361 
1.276 

0,05724 
0.05366 

0.04227 
0.03962 

4.340 
4.361 

1318 
1328 

3§5 386 
409 
433 

639.6 
643.6 

1.197 
1.123 

0.05033 
0.04722 

0.03716 
0.03485 

4.382 
4.402 

366.1 
392.0 

1339 
1349 

380,000 
382,000 

647 6 0.001350 
0.001286 

0.06379 1.055 0.04436 0.03274 4.423 419.2 
448.0 

1360 457 
651:6 0.06079 0.9916 0.04170 0.03077 5-553 1370 

1381 
482 

384,000 
386,000 

655.6 0.001227 0.05797 0,2331 
0.6784 

0.03924 0.02895 4.465 478.4 509 
659,6 0.001170 0.05531 0.03694 0,02725 4.484 S?-5 1391 536 

388,000 
390,000 
392,000 
393,700 

663.6 0.001118 0.05282 0.8277 
0.7804 

0.03481 O.O2567 
0.02420 

4.504 544.2 1401 565 
667.6 O.OOIO68 0.05045 

0.04823 
0.03282 5-5';5 §79lS 1412 111 

671.5 0.001020 0.7364 0.03097 0.02282 5-555 617.2 1422 626 
675.0 0.0009830 0.04645 0.7015 0.02950 0.02173 4.562 650.4 1431 653 

*The values for viscosity listed in these columns are not applicable at the hlghor Altitudes vhore the mean free paths of 
the molecules are comparable to or longer than the dimensions of the body being considered.    Furthermore, the values listed 
are baaed on the conventional Sutherland formula for normal air and, consequently, no nllovance hos been made for the effect 
of dissociated oxygen in the atmosphere at the higher levels. 

NATIONAL ADVISORY 
COMMITTEE FOR AERONUTTICS 

Table  3.8    PROPERTIES OP THE UPPER ATMOSPHERE FOR TENTATIVE 
STANDARD TEMPERATURES BASED ON AN INVERSE SQUARE 
VARIATION OF GRAVITATIONAL FORCE - British Engineering 
System.    Table V of Ref« 3.3.(Concluded) 
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COMMITTEE FOR AERONAUTICS 

Fig. 3.18 VARIATION OF AMBIENT TEMPERATURE WITH ALTITUDE 
Fig. 1 of Ref. 3.3. 
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ALTITUDE  (h) IN UNITS OF  I03 FT. 

Fig. 3.22 PRESSURE OP THE ATMOSPHERE BASED ON AN ARBITRARY 
CONSTANT VALUE OF GRAVITATIONAL FORCE VS ALTITUDE 
0 TO 390,000 FT. - Data to 6^,000 ft. from Diehl 
(Ref. 3.4). Data from 6^,000 to 390,000 ft. 
from Warfield (Ref. 3.3). 
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Pig. 3.23 DENSITY OF THE ATMOSPHERE BASED ON AN ARBITRARY 
CONSTANT VALUE OF GRAVITATIONAL FORCE VS ALTITUDE - 
Data to 65,000 ft. from Diehl (Ref. 3.4.). Data 
from 65,000 to 390,000 ft. from Warfield (Ref. 3.3) 
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The Atmosphere Extending to Extreme Altitudes 

a. Introduction 

Owing to the recent development of high speed, high altitude 
rockets and jet propelled missiles, more and more demand has arisen 
for information concerning the temperature, pressure, and density 
of the atmosphere up to extreme altitudes of 300 miles (480 km) or 
more. The pressure and density at such heights are extremely small, 
corresponding to conditions of a highly rarefied gas. Nevertheless, 
there may still be sufficient atmosphere to affect the motion of a 
long-range vehicle traveling at high supersonic speeds. This is 
especially true for motion like that of a rocket-propelled satellite 
where it is desired to keep a body on a specified orbit for long 
periods of time in which the rarefied gas effects, although small 
in themselves, operate over a sufficiently long time interval to 
give an integrated effect which may be quite appreciable. 

For the purpose of discussion, the atmosphere is usually divi- 
ded into three main regions. That portion from sea level to 10-15 
km is referred to as the troposphere, and that above this up to 
about 30 km is called the stratosphere (isothermal region). The 
region above the stratosphere extending outward to interplanetary 
space may be called the upper atmosphere. 

The atmosphere above 80 km is strongly ionized and hence this 
region of the upper atmosphere, from 80 km outwards, is known as 
the ionosphere. The ionosphere is of fundamental importance in 
radio-wave propagation since it is owing to the reflection of radio 
waves by the ionosphere that long distance radio communication is 
possible. It seems to be established that the ionization of the 
ionosphere, and therefore its electrical conductivity, is caused 
primarily by the ultra-violet solar radiation. 

The ionosphere itself is divided into three main regions or 
layers which are stratified on the basis of electron or ion density 
(Refs, 3.13 and 3.16). The lowest of these regions, known as the 
E-layer, is moderately ionized and is situated in the vicinity of 
the-100-km level. The next higher layer, the Fi-layer, is more 
strongly ionized and is situated in the vicinity of 200 km. Still 
higher and still more strongly ionized is the F2-layer at about 
300 km. There is recent evidence (Ref. 3.1?) which strongly sug- 
gests the presence of an additional ionized layer, called the 
G-layer, situated above the F2-layer somewhere in the region from 
400 to 700 km. The upper region of ionization comprising the Fi 
and F2~layers is referred to in its entirety as the F-region. The 
regular E-layer and the F^-layer are present only during the day 
and are most intensely ionized during the hours of local noon. A 
sporadic E-layer may be present at any time. 
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Although many gaps and uncertainties still exist in the knowl- 
edge of the upper atmosphere, it is believed that the results pre- 
sented here, at least up to the Fo-layer. represent about the best 
that can be done considering the data which are available at the 
present time, and that the calculated values of temperature, pres- 
sure, and density up to the F2-layer may be accepted with consider- 
able confidence. It must be emphasized that the calculations for 
the atmosphere beyond the P2-layer, where there are no data avail- 
able and where the atmospheric models considered here are based on 
rather speculative reasoning, must be regarded as representing little 
more than possible values. However, there seem to be no other cal- 
culations of this nature available, and the values given here should 
at least give some indication of the limits within which the actual 
values would lie. 

b. The atmosphere up to the F2-layer. 

The exact calculation of the variation of atmospheric pressure 
and density with altitude requires a knowledge of the following 

O-        quantities expressed as a function of altitude above the earth's 
surface : 

(1) Temperature 

(2) Composition. This includes not only the kind of con- 
stituent gases, but also the degree of ionization as 
well as the degree of dissociation,  since these effects 
can" be important in determining the value of the molecu- 
lar weight which is used in the equation of state. Final- 
ly a knowledge of the composition presupposes a know- 
ledge of the degree of diffusion equilibrium which is 
present; that is,  the degree to which the constituent 
gases are distributed in the vertical according to their 
molecular weights, with the lighter gases situated above 
those which are heavier. 

(3) The angular velocity of rotation of the atmosphere about 
;i             "*"*• the axis of the earth.    The angular velocity will affect 

^'- v> the value of apparent gravity, thereby producing an 
effect on the pressure distribution. 

The Temperature Distribution.  Practically all the deductions 
of temperature from ionosphere measurements indicate a considerable 
increase in temperature above 100 km (the E-layer)and the evidence 
in favor of high temperature in the F2-layer is very considerable. 
Although the determination of the value for the temperature in the 
F2-layer is not one of great accuracy, it is generally recognized 
that a high temperature must prevail in this region, of the order 
of 1000°K. 
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As far as ionosphere temperatures at the equator are con- 
cerned, the only values available are those given by Fuchs (Ref. 
3.18;, which are based on observations of the ionosphere at 
Huancayo, Peru, latitude 12° south, by Berkner and Wells (Ref.3.19) 
The temperatures derived by Fuchs are shown in Table 3.10. 

Altitude, km 190 220 350 420 

Temperature, °K 400 1000 1400 1900 

Table 3.10 TEMPERATURE IN THE F-REGION AT THE EQUATOR ACCORDING 
TO FUCHS (Ref. 3.18) 

These values are plotted in Figure 3.25 together with the values 
for altitudes of 120 km and less from Figure 3.18. Except for the 
point T = 400°K at 190 km which has been discounted, the values are 
represented with sufficient accuracy by the straight line shown in 
the figure and this is the linear relationship which will be used 
for the temperature distribution in the F-region at the equator. 
Thus it will be assumed that the temperature in this region is 
defined by the straight line connecting the points T = 375°K at 
120 km and T = 1900°K at 420 km. The corresponding curve in 
engineering units is plotted in Figure 3.26. 

In the middle latitudes considerable choice exists in the 
temperatures to be used in the F-region. It has been decided here 
to adopt a value of 1100°K at 300 km which, from data given by 
Martyn and Pulley (Ref. 3.11) (see Figure 5 of Reference 3.11)» 
represents a probable mean diurnal value. The distribution of 
temperature is assumed to be linear between this value and the 
value 375°K at 120 km, since there is no information available 
to specify the exact nature of the temperature curve in this 
region. It is well known that there is a distinct diurnal varia- 
tion in the properties of the F-region. During the day this con- 
tains the FT as well as the F2-layer, with the F2-layer situated 
at about 300 km and at a temperature of the order of 1200°K. 
During the night only the F2-layer remains, and in middle lati- 
tudes this is usually at a lower height and temperature than 
during the day. From the data of Martyn and Pulley it is con- 
sidered that the mean diurnal condition of the Fp-layer is repre- 
sented by the value 1100°K at 300 km. No attempt is made here to 
take into account any seasonal variations which occur, mainly 
because there seems to be very little data in usable form (height 
and temperature) available in this respect. The vertical distri- 
bution of temperature adopted to represent conditions in the 
F-region in middle latitudes is presented in Figures 3.27 and 3.28. 
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O     F- REGION, HUANCAYO  OATA,   TABLE 3.1 
B    E-LAYER,    TABLE  3-5 
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Fig. 3.25 VERTICAL DISTRIBUTION OP TEMPERATURE IN THE F-REGION 
Latitude 0°. Metric Units. Based on Huancayo Data 
(Refs. 3.18 and 3.19). Pig. 5 of Ref. 3.20. 
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Pig. 3,26 VERTICAL DISTRIBUTION OF TEMPERATURE IN THE F-REGION 
Latitude 0°. Engineering Units. Based on Huancayo Data 
(Refs. 3.18 and 3.19). Figc 6 of Ref. 3.20. £ 
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Latitude 450. Engineering Units, Fig. 8 of Ref. 3.20. 
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The Composition.. The composition used to represent eon- 
ditions in the equatorial atmosphere up to the Fg-layer is given 
in Table 3.H. It will be noted that the composition is assumed 
to remain unchanged from 120 km up to and including the F2-layer; 
that is} the constituent gases in this region are assumed to be 
completely mixed, giving an atmosphere of uniform composition. 
This agrees more or less with the results of Mitra and Rakshit 
(Ref. 3.21) who found that, for an No - 0 atmosphere with temper- 
ature increasing with height, diffusive equilibrium would exist 
only above 350 km. The values 33% 0 and 675JN2 are based on a 
gas which corresponds to 20% 02 and 80% N2 when there is no dis- 
sociation of oxygen. Essentially it is assumed that the dis- 
sociation occurs at constant? pressure, but that the volume may 
change. 

Altitude 

km 

Composition, 

% Volume 

Molecular Weight 

of Mixture,M 

Ratio of Specific 

Heats, y 

0 

83 

21% 02, 78% N2, 0.93% Ar 

20% 02, 80% N2 

28.9 

28.8 

1.405 

1.405 

120 

400 
(F2   layer) 

33% O , 67% N2 

33% 0 , 67% N2 

24.0 

24.0 

1.46 

1.46 

Table 3,11 COMPOSITION OF THE ATMOSPHERE UP TO THE F2-LAYER 
Latitude 0°. Table 7 of Ref. 3.20. 

In middle latitude it appears likely (Penndorf, Ref. 3.22s 
and Regener, Ref. 3.1) that there is a slight change in composi- 
tion at about 50 km to the values 18% O2 and 82% N2. Using these 
figures the values in Table 3.12 are obtained as representative of 
the composition of the atmosphere up to the F2-layer in middle 
latitudes. 
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Altitude Composition, Molecular Weight Ratio of Specific 

km % Volume of Mixture,M Heats, y 

0 21% 02,  78% N2,  0.93% Ar 28.9 1.405 

50 18% 02,   82% N2 28.66 ,     1.405 

83 18% 02,   82% N 28.66 1.405 

120 30.5% O,   69.5% N2 24.35 1.46 

300 30.5% 0,  69.5% N2 24.35 1.46 

(F2  layer)   

Table 3.12 COMPOSITION OP THE ATMOSPHERE UP TO THE F2-LAYER 
Latitude 45°. Table 8 of Ref. 3.20. 

Tables of Properties of the Atmosphere and Graphs of 
Density Ratio and Sonic Velocity up to the F2 - Layer 

Editor's Note: A discussion of the effect of composition on 
the determination of the temperature in an ionized layer, and 
details of the calculations of the properties of the atmosphere 
are to be found in the RAND Report (Ref. 3.20). Lack of space 
prevents the inclusion of the full discussion here. The results 
are given in the tables and graphs which follow. 
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Fig. 3.33 VERTICAL DISTRIBUTION OF THE SONIC VELOCITY FROM SEA 
LEVEL UP TO 100 MILES 
Latitude 0°. Engineering Units. Fig. 14 of Ref. 3.20. 



I I 

' ^ 

Page 3-84 
April 1, 19J0 

Handbook of Supersonic Aerodynamics 

1 60 • 

LATITUDE , 0° 

100 

90 

- 80 

5   70 

60 

50 

40 

30 

20 

10 

K < 

0 

\ 
\ 

2.0  ZS. 2.6 3.0 3.4 3.8 42 4.6 5.0 
SPEED OF SOUND a IN UNITS OF 10* CM&EC 

5.4 5.8 

Fig. 3.34 "VERTICAL DISTRIBUTION OP THE SONIC VELOCITY FROM SEA 
LEVEL UP TO 160 KM 
Latitude 0°. Metric Units. Fig. 15 of Ref. 3.20. 3 
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Fig. 3.37 VERTICAL DISTRIBUTION OP DENSITY RATIO (o) FROM SEA 
LEVEL UP TO 120 KM 
Latitude 4-5°. Metric Units. Fig. 39 of Ref. 3.20. 
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c. The atmosphere above the Fg-layer. 

Above the Fo-layer there is little if any information avail- 
able concerning the atmosphere. Although the mass of atmosphere 
in this region is extremely small compared to the total atmospheric 
mass, yet the vertical extent of this region of the atmosphere may 
be relatively large compared to the height of the F2-layer. In 
fact, as far as the knowledge of the atmosphere is concerned, it 
might well be divided into two major regions, the region below the 
F2-layer and that above. 

In view of the uncertainties and lack of information concern- 
ing the properties of the atmosphere above the F2-layer, it be- 
comes necessary to analyze this region on the basis of whatever 
concepts or hypotheses appear reasonable or possible5 and- it is 
hardly likely, owing to the present lack of knowledge, that any 
single concept would prove entirely satisfactory at the present 
time. The manner in which this region of the atmosphere is ana- 
lyzed here is based on three different atmospheric models or con- 
cepts which are intended to serve as a preliminary approach to the 
problem. 

The first atmospheric model is based on the concept that 
there is a limiting region far beyond the F2-layer where the atmo- 
sphere is in thermal equilibrium with the interstellar gas» 

The second model is based on the concept that at a suffi- 
cient height (h*) above the F2-layer the particles begin to move 
as free bodies in a gravitational field, rising and falling over 
large distances without colliding with another particle, and 
that this region is isothermal. 

In Model III an attempt is made to combine the idea of an 
isothermal dynamical orbit region - used in Model II - with the 
effects of diffusion equilibrium, treating the latter on a more 
rational basis than was employed for Model I. Further considera- 
tion will be given to the temperature above the F2~layer and, in 
particular, to the temperature T* of the dynamical orbit region 
and the height h* where it may be considered to begin. 

Editor's Notes In the RAND Report (Ref. 3o20) evidence is 
presented and calculations made which, for Model I, lead to the 
values set forth in Tables 3.17-3.20 and Figures 3.39-3,46. For 
Model II, the values are as given in Tables 3.21-3.24 and Figures 
3.48-3.51. For Model III, the values are given in Tables 3.^5" 
3.28 and Figures 3.52-3.57. For Model I, we present here only 
those data which arise from ML = 7» where ML denotes the molecular 
weight of the atmosphere at its outer limit. ML = 7 corresponds 
to a composition state of the atmosphere at its outer limit in 
which there is diffusion equilibrium, hydrogen and helium are 
absent and nitrogen is dissociated and ionized. For the effect 
of different values of. ML on density ratio see Figure 3.47. 
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ATMOSPHERIC     MODEL I 
LATITUDE   0" 1 

-5.0 
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K SOTHERMAL      TEMPERATURE 
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Fig.  3.39    ADOPTED VALUES OP TEMPERATURE FOR ATMOSPHERIC MODEL I 
FROM THE F2-LAYER UP TO 1000 MILES 
Latitude 0°. Engineering Units. Fig. 19 of Ref. 3.20. 
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Fig. 3.40 ADOPTED VALUES OF TEMPERATURE FOR ATMOSPHERIC MODEL I 
FROM THE F2-LAYER UP TO 1600 KM 
Latitude 0°. Metric Units, Fig. 20 of Ref. 3.20. 
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DENSITY   RATIO   CT 
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Latitude 00. Engineering Units. Pig. 21 of Ref. 3.20. 
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Fig. 3.42 ADOPTED VALUES OP THE DENSITY RATIO (<0 FOR ATMOSPHERIC 
MODEL I FROM THE F2-LAYER UP TO I65O KM 
Latitude 0°. Metric Units. Fig. 22 of Ref. 3.20. 
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1000      1500       2000      2S00       3000      3500       4000      4500       5000       5500      6000      6500 

TEMPERATURE   T,«R 

) 

1 '• 

1 

Fig. 3.43 ADOPTED VALUES OF TEMPERATURE FOR ATMOSPHERIC MODEL I 
FROM THE F2-LAYER UP TO 1000 MILES 
Latitude 45°. Engineering Units. Fig. 23 of Ref. 3.20, 
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Pig. 3.44 ADOPTED VALUES OP TEMPERATURE FOR ATMOSPHERIC MODEL I 
FROM THE P2-LAYER UP TO 1600 KM 
Latitude 45°. Metric Units. Fig. 24 of Ref. 3.20. 
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Pig. 3.45 ADOPTED VALUES OF THE DENSITY RATIO (o*) FOR ATMOSPHERIC 
MODEL I FROM THE F2-LA'22R UP TO 1000 MILES 
Latitude 45°. Engineering Units. Fig. 25 of Ref. 3,20. 
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Fig. 3.46 ADOPTED VALUES OP THE DENSITY RATIO (o) FOR ATMOSPHERIC 
MODEL I PROM THE F2-LAYER UP TO l600 KM 
Latitude 45°. Metric Units. Pig. 26 of Ref. 3.20. 



"1 

Page 3-102 
April 1, 1950 

Handbook of Supersonic Aerodynamics 

1 
1/ 

O 
m 

Ui 

1 

t 

X 
0. 
to 
0 

5 
Q 
O 

IT 
u 
X \ 

/ 1 

AT
M

O
SP

HE
RI

C 
  

M
O

D
EL

   
I 

LA
TI

TU
D

E 
  0

° 
p 

= 
IN

TE
R

ST
EL

LA
R
  

G
AS
 P

RE
SS

UR
E 

M
,=

C
0M

PO
SI

TI
0N

 A
T 

TH
E 

LI
M

IT
 O

F 
T 

(f
c

 1
.1

77
 x

lO
J
 g

m
/c

m
3
) 

/ Q 

  

f— 

I 
1 

r 
1 q 

-/ 

r • 1 

/ O 
to 
T 

O 

1 

k1 O 

T 

ill O 
.to 

i 
7 O 

/ 
- I \ Q 

0 

/ 
^ 

T 

aJ 

/ 
10 
0 

Q 

\ y T 

or1 

\ f O 
O 

0. 

1    / 
/ 

/ 
9 , 1 11 L   1.1      1 1 1 1 S-- J__L_1__L 1 . O 

00 o o o o 
00 o o o o 
omo 0000 
O C"> to f*-   *0    "1 

o 
o 

OOOO   o    o 
00000   o 
o o> <ö i*- to   m 

w* 'M 1H013H 

3 ' 

rO 

H 

4 
txO 

CO 

&4 

1 

•• ».-\>. m*,-a^^. 



Handbook of Supersonic Aerodynamics Page 3-103 
April 1,   1950 

i 

J 
1/ 

C 

;i   ( 

•«  tr 
O«K    *    0 |r>    a   a    0 

ooooooooo ©OOOOOOOOOOOOOOOOO© 

• §.2 •* 
a 5 " 

XXXxXXXXXXXXXXXXXXXXXXXXXXXX 

(OHM>OCIONO,00*CC,lMvol-iOHt<Ol7ioOIOCO-HO\^OI 

•H'CWOi'*W'"^nn«o!inHi/)r"^*,ocoMH-i(oWrtpi Tf 

C1      « 
o-.-<i«ec«c 

= 000 ooooooöoo'ööbooooooöoöooo 

xxxxxxxxx XXXXXXXXXXXXXXXXXXx 

sococNCTi«*QO\r-eoco»t«£^Hr-FrtCNcoeN -* 
«OWMO"'l*"tOnOv'Ort(r)Mx»ioov   © 

<Mt»-^F4NtO'0> HrtuiCNMCOiorfrteoifjrtpjnrtNNrtrt 

1
0

" 
cm

 

M
ea

n 
C

ol
li

- 
si

on
 F

re
q 

f 
1/

se
c 

- T-        •>        ..       .        •»        , 

000 000000 3 O  O soooooooo =• 0 0 0 0 0 0 

xxxxxxxxx XXX 

in« cs 
CO 1— 0 

XXX 

rt  t— CN 

XXX 

" R *° 
XXX 

t— co co 
-O   ON   ON 

XXX X   X   X    X 

-«  S   rt 
"*H i/iflc\ "f N CN —< «O (*> CN —« co —• rt CN  rt rt ^> «0 rt co co Tf   Tf   IO    rt 

0   0 
0 0 0 *b 0 0 0 0 ö 0 a 0 0 z> 0 c 200 000 »00 r> 0 0 

XXX 

t- rt -1 
1^ — *o 

XXX 

irt —4 co 
-•00 

XXX 

-O  CO  — 
CO —t 0 

XXX XXX 

*) co 0 

XXX 

sc%r- 

XXX 

EO    Tf   VQ 
r— NO rt 

XXX 

ro »rt co 

X   X    X    X 
co r- »rt 0 
O   rt   IO   NO 

ot n co CN   »rt   —< -"   CN   Tf f- rt  N t   rt   PI CO    —    Tf co CN r- rt  -rt   Irt rtrtOJ   * 

M
ea

n 
P

ar
ti

- 
cl

e 
Sp

ee
d 

ft
/«

B
C

 000 000 3 O C 000 000 000 000 000 3 O O  O 

XXX 

CO <M   O 

XXX XXX 

000 

XXX 

00c 

XXX 

000 

XXX 

000 

XXX 

000 

XXX 

000 

X   X   X   X 

0 ö 0 0 

-j Tf -V ^ T, Tf »rt to V) m mm u>nw •rt *rt irt w »rt »rt irt »rt irt irt to *rt »rt 

a 

ON« , „ .. X       M       Q 0  0 „ 
3 0 b b 000 000 000 000 000 000 000 0      0 

XXX 

«no 
rt Tf t_ 

XXX 

co ••# NO 
O  VO  — 

XXX 

t-  ON  © 
CN  O  CO 

XXX 

CN 0 r- 
rt t- Tf 

XXX 

OS CN  CO 
CN  t— CO 

XXX 

O r- Irt 
r- rt co 

XXX 

382 
X          X X   X   X   X 

NO ON CN   »rt 

CN t- CN —  Tf CN -H -H to CO —1 ON Irt rt Irt r- -* Tf ^ co to —i  rt  CO vN — CN  irt 

s- 0 
•- •—       0 
M    *i   K A 

1-2    ' 
00b b 0 b b 0 = 0 sob s 0 0 0 b b bob 0 b 0 bob 

XXX 
n-H pi 
COI-H 

XXX 

CO  »rt CN 
CN CN Ta- 

X    X    X 

— — 0 
Tf  CN  Tf 

XXX 

38S 
XXX 

y?  rt CN 
eS CJ\ irt 

XXX 
co ON eo 
»rt CN» rt 

XXX 

rt (rt 0 

XXX 

co r~ TJ 

X   X   X    X 

ON  O   CN   O 
«NO» 

CN  CO CO rt \n CN —    —   V£ (OH^ trt   rt  'O CO  rt  »rt NO ON CO rt    rt     Tf CN  CN  PO  Irt 

D
en

si
ty

 

sl
u
g
/f

t3
 

•1 • « -   0   0 0 0 0 f- 1- f. r.    .   . • 0 0 

XXX 

CO CO 0 

XXX 

NO   CN   rt 
CN  ON   O 

X   X   X   X 

r- co 0 co 
Tf  O  ON  CN 

XXX 

1?  ON   — 

XXX 

CO  CN  irt 

XXX 

c3 r~ 5 

XXX 

S CO 5 

XXX 

Tf   VO   ON 

XXX 

WVOM 
ON   ON   CN 

«rt 1^ CN — >A rö CN — r- *»• CN -' •* — -^ CN  —1 rt CN  CO Tf   CO   rt »rt in vo — 

£|2     * 

a   rt   - n    tt    - on» •      •      D 0 0 1- •     NO 

bob 0 0 b 0 0 0 b 000 b b b 000 000 b b b bob 
XXX 

O   S  NC 

X    X   X 

Tf 0 m 
—   CM   l/l 

XXX XXX 

N cave 
OOn 

XXX XXX 

T?C?S 

XXX 

NO   O   CO 

X ^C    X 

NO O r» 
O   ON    CO 

X   X    X   X 

co co co ON 

CN NO  CN —•  lrt CN -. rt t- CO CN  — NO CN r- ON rt  Irt t-rt co CN  rt  Tf CN  CN  CO  1© 

P
re

ss
ur

e 

lb
/f

t»
 

e   0   0 

0000 bob 0 b b 000 00b b b b 0 b 0 b b 0 000 

XXX 

co •**• NO 

XXX XXX 

O  CN O 

XXX 

fc 0 w 

XXX 

r— NO CN 
CO  TJ   u- 

XXX 
ON  CO   NO 
ON O O 

XXX 

rt eo ec 
NO CN — 

XXX 

in —• g 
X   X   X    X 

ON   Tf  irt   rt 
»rt -rt 0 rt 

Tf rt 1/5 CN —i m CO  CN —• CO  •** CN ^H   Tf   ^ rt fO  ~ rt CN  CC Tf    Tf   « »rt 10 r- rt 

S
ca

le
 

H
ei

gh
t 

H ft
 

000 e> © 0 000 00c 000 000 000 000 0000 

XXX 

s$g 
XXX 

rt Tf *c 
CM  irt  CO 

XXX 

rt   rtp. 

XXX 

CN VO  — 
CN  —«   — 
co Tf v 

XXX 

S8c 

XXX XXX 

CO  Tf CN 
CN —t r- 
NO   CN    Tf 

XXX 

-rt uo e» 

CO  CN   N£ 

X   X   X   X 

—t  Irt CO  CN 

O    TJ   CO    T? 

CN CM CN CO CO rt Tf Tf Tj ** "f M Tf   Tf   U- irt »rt v NO   t-   CC CN CN CN  (O 

t   t~ ? 3S3 
CO  «O  C" 

S3 £* $ 
ON CN "x 

co co c co co cv co «0 c to CO «^ co rt c- to co e rt po co co 

VOVO V 
-T   V  TJ i?T?^ «S3 SS5 T?T?-j T¥T?^S ST?-?    T? 

g*   a 8gS Tf t- ~ 
—' to ^ Tf ^F - ^ ^^ g^i? y«5 T?^TJ ygc 33 5* g 

CN  CN C 
ro CN es 
CN  CN O 

CN  CN O 
CN  CN  O 

NMP 
CN  CN 0 

CN CN  CN 
CN  CN  C- 

CN  CN CN 
CN  CN CN 

CN  CN C 
CN CN  CN 

CN   CN   CN 
CN  CN  CN 

CN  CN CN  CN 
CN  CN  CN  CN 

A
pp

ar
en

t 
G

ra
vi

ty
 

g
' 

ft
/s

ec
*

 

co t- T 

Tf  CO CN 
S35 

M1HV 
co co c 

9  rt CN  T: 

eo ON — 
MvO  v 
•f-ic 

ON irt r- 
CO   ON   CN 

CO  ON CN  S 
O   rrt   Irt  O 

CN CM  P CN  CN O 
*r  T* T; 
CN  CN O 

CO  CO  C 
CN CN  C 

1 CN rt e eo r- r- Irt   Tf   CV O   f-   Nl »rt Tf co co 

P
o

te
n

ti
al

 

ft
-l

b
 

0 <= 00c > 0 0 c ' 0 0 c 00c 00c 0 0 0 0 

si! 
o<oc 

X   x   > 

5   •* VO  vj 
J   Tf O   Vj 

X   X   > 

3 irt 0 C 
3 CN  TJ  U 

XXX 

•>   CO   O   T 
1 »rt »rt c 

XXX 

f »rt irt c 
CN Tf r 

XXX 

ON   C 
N ON *0 T: 

X   X   X   X 

rt in coo 
Tf   CO   CO  NO 
CN Tf vo eo 

0 — 0 :HNC -)   rt   Tf   U •> r- ON - T    -"    -«    - ••«CN-C CO  CO  CO CO 

«Ü 

O O  C ' 0 0 c < cb 0 c 9   O O  • » 0 0 c 5  0  0C > 0 0 c : 0 0 c 0000 

X   X   > 

co m 0 

X   X   > 

ias; 
Jrt   (IJV 

X   X   > 

5sli 
X    X    > 

3   CN  JO  1 

1     Tf    VD    1 

<    X    X    > 

; CN EG! 

X    X   > 

5 co SN < 
•J rt CO C 

X   X   > 

iNOf 

X    X   > 

5  "*  IN C 
d  oa  rt  T 
o irt rt« 

X    X   X   X 

J   CO   NO  "*  CN 
1  NO  ON CN  irt 

3  rt  vo  CN t- 

-"-"• 
•*  CN CN C MNN( 0 cort < O    Tf    Tf    ^ n vo r- r . ON rt - -. rt CN e i rt co Tt ^f 

'i 
NO 

SS8E 
CN rt c 

s g 0 < ISsSS 
0 m »rt v 

lag «Sgl §8SS 3gg| 
-1  rt CN 1 

sill ? es 0 0 0 
• 0 0 0 0 

3 NO  °- CO*  ON 

CM 

o >^o 

ga ©IN 
EC Ä "el     • 

CM 

•H   U 

O 
O. 

H 
CM » 

(D 
H 

<a 

( 

-7— 



Page 3-104 
April 1,  1950 

Handbook of Supersonic Aerodynamics 

i    1 

^ 

ii 

XXX 
00 -f co 
^ f n 

S*"<8 

*    X    X 

cO co ro 

x  x ; 

S: 

I« 
»S 

= .2 
S S 

«     °-5 

XXX 

O CM •* 
•* *o v> 

X    X 

^5 

X    X 

Si 

X   X 

CO vo S 

XXX 

CM cö co 

XXX 

XXX 

co 00 ce 
owe 

xxx 

V> CO © 

xxx 

•O 1/) CC 

X   X   X   X 

XXX 

OiMO 
•* o o 

xxx: 
•  SO  f- CO  1 
ion?i( 

^ — — « \0 

xxx ss 

X   X 
vOOJto 
•* co 0 

XXX 

xxx 

cs sp* CM 

•S*1t 

38S 

S3! 

o o 

X  X 

000000 

XXX 

XXX 

SO —I CM 
CO ON 10 

Ol  -» CM  •* 

OOOO 

OOOO 

Q m ^c r- t- •-* 
9   N  N  O»  OMH 

co « 00 ••* -*• v> 

X   X   X   X 
totooo — -1 \o ** 

OOOO ©•© o 

v) in 1/1 1/1 1/) 

CO O O o o o 

o o o o < 

icriN' 

X   X 
I- so 

CM  CM,  CM  CM 

• ö (ö d vo 

• or-Nvo 

Sino 

o o 

X   X 

82g 
O CM 

•»as 

XXX 

10 °* 

1SSS 

00000 

XXX 

SO  CM 
don 
vo r- < 

SS! 
\r> xn 1 
CM(M c 

999 

XXX 

3 s> •§ 

115 3 

OOOO 

X   X   X   X 

XXX 

cö r- *5 

OOOO 

X  X 

CM CM co vn 

OOOO 

O CO O O O o o 

<—  CO   CM   ^   *» 

XXX 

99999 
I3S 

8SS 

OOOO 

X   X   X   X 

vp co t— 
•* CO  CM 

X   X X   X   X   X 

CM CM CM CM 

999! 

XXX 

!88 

x x 

i ** öS 

,sai 
•* t~ rj • 
•--MO' 

OOOO 

)SSE 

> >5 t- S 

&Tk p.o 
H W 
H EH 

öS 
•Pf» 

a o 

HEiOCO 

CM 

• 

© 

.a at 
EH 



Handbook of Supersonic Aerodynamics Page 3-105 
April 1, 1950 

) 

-<B> 

v/ i   (C 

.8 
O 

X 
CM 

• 

••H 0* 

0 0 0 0 0 0 3 O  O » 0 0 sooooooooooooooooo 0  O 

X    X    X   X   X   X 

CO CO ^ 0 0 0 

K   X   X 

ON O  «O 

xxxxxxxxxxxxxxxxxxxxxxx 

i/> to -H w CM -H n *t CM HHIfl •OCMHntnHN*MHtNHHH«ftNr< -t  H 

V 

So. 

000 O O O OOO OOO 0 O  O  O  O O sooooooooooo 

X    X   X 
»no« 
r>oin 

XXX 

(O CM  •* 
Ont- 

XXX 

in 0 t«. 
sO O  I» 

XXX 
*f> OS CM 

X   X    X   X   X    X 

t- <* co r- co to 
NO  HM  «Ci 

xxxxxxxxxxxy 
OH010iH|»rtNifMOi'0 
3scMso«#o\r-r-f-Hcc5t-co 

X   X 
OS t- 
CM OS 

CO  CM 

b 
X 
co 

O O s 0 0 »00 3 O  O 3  O  O O  CO  O 

OOnnopv»    —    nn 

50000000000  OOO 

X    X XXX 

nom 
co co H 

XXX 

* tO CM 
CO •-« CO 

XXX 

co <-* *o 
r- CM to 

XXX 

8£eo 
XXX 

OS   -H   xf >n n * 
XXX XXX 

sO CO x* 
no 4 

XXX 
O   OH   CO 

XXX 

CO so so 
CM  CO   CO 

X   X 
CM  CO 
Os CM 

,-«  f- CO -"Oco HClV) CO CO  •"* f  -»  CM [-  MCN trHin tO  -H   IO CO CM  xf —4 m co CM  CO 

OOO 3O0 boo • 5. s. OOO D  O  O 
•      °  **  n 2 * 

000000000 000000 bo 

XXX 
vom ^ 

XXX 

CO f- CM 
SO CO CM 

XXX 

to 5 CO 
OS  *>  CO 

XXX 

2 CO  CM 

XXX xxx 
to so to 
so CM r- 

XXX 
1-4    OS   O 
r- 0 in 

XXX XXX 

O CM to 
CM  SO  IO 

XXX 
CO so t- 
•* OS CM 

X   X 
SO CM 
^J* to 

CM  xj»  ~* CM lO —" CM  "* f- HH m IO  ON  CM WMH COsft- «nt» HHCl to f- —1 H  H 

M
ea

n 
P

ar
ti

- 
cl

e 
Sp

ee
d 

ft
/i

ac
 OOO b 0 0 3 O  O  O  O  O 3 O  O 

XXX 

H  Os to 
N  N  Tt 

XXX 

Vom 
to r- co 

XXX 

OS O —4 

XXX 

CM CM  CM 

XXX 

CM  CM  CM 

XXX 

CM  CM CM 

XXX 

N  CM  CM 

XXX 

N  CM CM 

XXX 

N  CM CM 

XXX 

•M  CM  CM 

X   X 

CM CM 

to to to CO CO CO CO •* -^ «#   -*   t •*•**•** «#•"*•"* "•#•"#«* 1*  •* •* "»"*•* •*•*•* •M»  Tt 

Nu
m

be
r 

D
en

si
ty

 
n 

p
ar

ti
cl

es
/f

t3
 

OOO 

ft     C*     N 

Ö00 OOO OOO OOO boo boo OOO 0 b b s b 0 b b 
XXX 
ON  CM   -f 
O  CM  O 

XXX XXX 

r- co jn 
XXX 

O£so 
xxx 
to r— g 

XXX 

co ^f co 

XXX 

SS2 
XXX 

2&S 
xxx 
CO CO  "f 
os in •* 

XXX 

soSseS 
X    X 

Os SO 
m t- 

Os  m  CM CO CO —• t- in CM CM —•  SO *f  CM  •-* *r-H CM m co CM in CM —1  H  CM SO CM H HH 

Jc2    . 
OOO OOO OOO OOO OOO 000 OOO OOO bob boo O  O 

XXX 

m N M 
0 0 co 

XXX 

c8^2 
XXX 

to  t- CM 

XXX 

wo * 
CM  Os  CM 

xxx 
HOH 
in eon 

xxx 
•H   OS   IO 
in i-Tf 

XXX 

rl  OS  OS 
OS *-« to 

xxx 

CM  ** CM 

xxx 
HMfl 
—«  MO SO 

xxx 
CO Os O 
WHO 

X   X 

PS 
H«N OS  -* CM co to co CM «-M  t- •M« CM  -* **   t- rM CM  SO  CO CM  SO CO NHN r- co CM -* —' 

D
en

si
ty

 

sl
u

g
/f

t'
 

OOO 

XXX 

S5S 

OOO 

XXX 

«8S 

0 0 0 

XXX 

•* r- it 
0 co so 

000 

XXX 

-*  CM  CM 
co to r» 

OOO 

XXX 

O  so so 

OOO 

XXX 
r- in to 
OffltJ 

OOO 

XXX 

SSo 

bob 
xxx 
in CM so 

bob 
xxx 
Hf-N 
O Os CO 

XXX 
to I— jwj 

b b 
X   X 

CM     r-4    1ft MHin NH|^ I/)   -If   F4 —I  so  CM -H   »-«   CO SO  r-t   CO in »-< r- tO  CO so -4   t-   ** •«* •* 
| 0        0 

sä    & 
OOO 

XXX 

t—  CO  es 

OOO 

XXX 
co co ce 

OOO 

XXX 

os CM ir 

OOO 

XXX 

co to a 

OOO 

XXX 
O to CO 
so  CM  Oi 

OOO 

X   X   X 

SO  CM ~t 

bob 
XXX 

^r so CM 
CO  OS  1— 

000 

XXX 

JIOC> 

OOO 

XXX 

as -j- «* 
so  CO —> 

OOO 

xxx 
so so O 
CO  to so 

b b 

X   X 

os in 
to m 

•"*»  CM  — to CM — so  ^t  CM -M .-• to CO  CM  CO CO   so  -H CM  •"*  CM •-t in CM H  «N incN H HH 

P
re

ss
ur

e 

P 
lb

/f
t1

 OOO OOO OOO OOO 0 0 0 OOO CO 0 0 OOO O  O O bob b b 

XXX 

•-" t— so 
00m 

XXX 

588 
XXX XXX 

CM to CO 
CO  CM  CM 

XXX 

Sues 
XXX 

so to -<1 

XXX 

coc 
XXX 

0 os CO 
OS O  x] 

XXX 

co 3 0 
XXX 

CM  ** C 

X   X 

Os CM 

—1  so  C-l HUJCN — CO 10 CO  CO »H P-  M"H C—   -H   CM •"*   ^M   tO MHUl CO CM  Tf Hin« CM CO 

S
ca

le
 

H
ei

gh
t 

ft
 

OOO OOO OOO 0 0 C OOO OOO OOO OOO OOO boo OO 

XXX 

r- r- •* 
t- to 0 
co •"# sc 

XXX 

«so 
10 CO t- 

XXX 

CM  CO  1/ 

XXX xxx 
O  CM  to 

R8S8 
XXX 

in so r 
OS  O  C 

XXX 
O  OS  4# 
to  CO CM 
CO  •* ö> 

XXX 

** CM " 
O CM  M 

XXX 
r- c- c*. 
QHSt 

xxx X   X 

to so 
i-t  CM 

CM  CM  CM CM  CM  CM CM  CM  CM CM  CO Ol CO to CO f * 1 in in sc t-   CO  r- —*   •-! 

J"     l-F O  CM  O 

as 0 es 
r-«   CM   CN 

2 r- a 
0 so es 
CM CM c 

t- to — 

CM  CO  cr 
CM CM  C 

Oi o\ 9j 
as os 0 
CM  CM CM 
to co to 

CM  CM  P CM CM  C 
to to to 

CM CM C 

Os OS  O 

NNf 
CO to c* 

CM  CM C 
SS 
CM CM 
CO to 

MNC os t- >7 ?SE gSS Ss Ss a sss SSiS S8S! Os  Os O sss SS 
CM  CM  Cs 

co co c 
CM  CM  O 

co to e 
CM  CM  t> 

CM  CM  CS 
CM  CM  Cs 

CM  CM  CM 
CM  CM  CM 

CM CM CM 
CM  CM  CM 

CM  CM  CM 
CM  CM  CM 

CM  CM  CS 
CM CM es 

CM CM CS 
CM  CM CS 

CM  CM  CS 
CM  CM O 

CM CM 
CM  CM 

A
pp

ar
en

t 
G

ra
vi

ty
 

e'
 

ft
/s

ec
a

 

•>r H c 
CO -«j 0 
CO  •-*  f 

0 co g t~ co •<« 
to co es 

so to a 

CO   CM  C* 
CM  •»•  CC 
so to r- 

to to c 
"t  <-t IT 
CM  CM  CS 

in co c 

CO  ^i"  Cs 

H*<f 
m H si Ss  CO — •*  —1  O 

S£3 
*# CO 
co to 
CM  SO 

o>o>o 
CM  CM  C^ 

CO CO c- 
CM  CM C- 

r- t- sj 
CM CM es 

so so u" 
CM  CM  O 

10 in 1 
CM  CM CM 

^ CO CS 
CM  CM CS 

— O ec 
CM  CM  — 

t- SO V *NC OS t- h so m 

P
ot

en
ti

al
 

* 
ft

-l
b

 

O  C 0 0 c CO  CO C 00c 00c O CO c O  O  C 0 0 

X    X 

0 -t 0 
0 O e 
ON- 

XXX XXX 
CO   F4  — 

t-oc 

XXX 
Hm« 
qoa 

xxx 
riNU 

HN-) 

XXX 

so as es 

XXX 

0 j* £ 
in t- S 

X   X 

rH CO 

0 -H 0 iHHCV M  ttf so r~ 0 -i  H cs CM CM a CO to 

1    - 
>J 

O  O * > 0 0 c > 0 0 c >%%% > 0 0 ^ 0 0 <: 00c O   O  C 0 b c b 0 c •>   O   O 

xxx 
cj «0 

CO  O   " 

X   X   > 

1 CM tn < 
in«" 

XXX 
• SO CO c 

•) P CO < 

X   X   > 
>  •* CM  si 

1 8 S 1 

XXX 
3  CO  O  ^ 

X    X   X 
'  CO  so  ^ 

•H   tOp 

XXX 
*  CM  O Si 

fNC 

XXX 

NOC 

co Ss e> 

XXX 

so 0 * 
• in CM ct 

* O CO 1/ 

XXX 

i   S   H   f 

X   X 

J 0 ^ 

t  CM CM  C •)  CM  CM  O co to •«: •"* in M: t^. t- 0 \  .M *M   ~ IHNt •J  CM CM 

'e co 0 < 
1 0 so < 
M m 1— e 
M|CM CM t 

: u-i 0 u 
3   CM   IO   f 
1 co co f 

2  os S  1 
•) co "•*• * 

s m 0 c 
) tr 0 t S8SS 

1  to  I-  Ct 
?8SS 
3  OS  O  C 

!SSS ;J||| 111! 
! co •<*• " 

?S8 
• in '" 1 1 

to       «*o 

Ö   I 

H 

S  CM 

•H    N 

5 
OO 
CM 

en 

a> 
H 

•s 

C' 
•••• 

1 
•  'iu      ji«wiiii.wi,,jiLM><^"^^i,rng^rja^T^B^j^-«« 



Page 3-106 
April 1,  1950 Handbook of Supersonic Aerodynamics 

^ 

•M      W 

ööööoööööööööööööööoöööööööööööö 

a|-s 
x •* 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

CO<D'fpOO^N>OCOM-it-Offlf-MOiIO"*rtrtOiflCOl/)Oi«leOOiO'f 
inCSfO<5\tO*fe7\OCOVO**C'it'0-*eNeOCOO—«*Oinr-t--  '"J'mcsen^l'CO'^CO"* 

in eo — fl w- OtNw-HWfOWnnW^N^N -• ->r es 1 M •-. »n es >-H -.   -H 

OOO 

0   ••   - M    n    *    n    0    r 

sooooooo SOOOOOOOCOOOOOOÖÖÖOOO 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

iflifl"'"t(')i/lf'luip"f«"OvDO>OicnO>i'10in"t0lflOi*10'l*WI/liflOi 
r"OCOWOMOO^t"HC,IBWl/)CON«0'l-"w1|»MMO*Mirf>aaoi 

>-'MN'H'f«NCllftr"OiWrO>ÖJ-lMM',"''NU>r-NlßCO'H1ONWCOO\CO 

x 
10

""
cm

 
M

ea
n 

C
o
ll

i-
 

si
on

 F
re

q 

1/
38

C
 

OOOOOOOQOOOOOOOOOOOOOOGOOOOOOOO 

X    X 

\o Oi ~ 
CN  CO O 

XXX 

co 0 m 
co en ~ 

XXX 

CO  -H   CO 

XXX 

CO   -H CO 
— cs co 

XXX 

irt r- CO 

X   X   X    X   X    X 

cn ^* -* 0 *t eh 
flflf ftovo 

X    X   X    X   X   X 

0 eo "f <ß H m 
co 0 •» in co ^ 

XXX 

co \o 10 
CN cn eo 

X   X 

es co 
er» es 

<—•  t-  CO -VOW HCMfl •0   CO   —" t- *w r- -* CN •* -^ m ro — m CO  CN  -«f — in eo es co 

000 
O     c     C 
000 

0 

OOO ö 0 3 O  O ©00 D  O O 000 OOO 0 0 0 5  O O 

XXX 

C7\  VO  r- 
t— eo *t 

XXX 

— r- t- 

XXX 

0 in © 
0 co «J 

XXX 

•"* 0 (- 

XXX 

1— t~ 0> 

XXX 

CN  CN CO 
r- c* co 

XXX 

0 cs cs 

XXX 

r- ^ t> 
CO  CN CO 

XXX XXX 

0 -*• 00 

X    X 

S3 

*2 "° 000 3 O O 000 3 0 0 S O O 000 
a    a    0 
O O O => 0 0 3  O O 3 O O O O 

XXX 

CO 0 in 
r- 5 0 

XXX 

o\ CO t— 
0 — — 

XXX 

-4   -*   CO 
es es es 

XXX 

:& © 0 

XXX XXX 

000 

XXX 

OOO 
co co co 

XXX 

5 Q 0 

XXX 

OOO 
CO co co 

xxx 

OOO 
eo co co 

X   X 

0 0 
co co 

1 g =- 

a. 

000 000 000 OOO 000 CD O O OOO OOO OOO 

s   n 

OOO O O 

XXX 

*-* •# 0 
M CO  M 

XXX 

c53r- 
XXX 

CO wo 'S 
t-rao 

XXX 

r- co -* 
CN  •-< CO 

XXX XXX 

M- in 1— 

XXX 

M -H f/i 
•to© 

XXX 

es t- m 
•*»• 0 0 

XXX 

es 0 es 
co -*• \o 

XXX 

«co« 
MO< 

X   X 

es es 
*o es 

MHp. CO —' >0 <N  -  ~ r- IO ts H»M — es "* tflN    H t— cs — N3 in« CN  —1   «O in *o 

.s .2   .» 

0   *«   •• (inn 

ö ö ö öoö oöo ö ö 0 0 0 0 0 0 Ö00 0Ö0 ööo ö 0 0 ö 0 ö 

xxx 

in es en 
00« 

—• id  CN1 

XXX 

in 10 ^t 
CO ^ •—1 

OS «* es 

XXX 

w r— CN 

co 10 co 

es S es 

C-J — r~ 

XXX 

in eo ^rf 

«*  CN  ^H 

XXX 

Tf    (-     -• 

XXX 

0 -« co 

es \ö co 

XXX 

es 5 cs 

XXX 

es i-i es 

XXX 

COCAO 
cs M <5 

t- co es 

X    X 

CO  CN 

1 *-| 
0  *   * «00 0   «   c e   e   •- r-    t-    r- «BB 

0 0 ö 0 ö ö oöo OOO ö ö ÖÖÖ 00c 000 ö 0 0 O O O 0 O Ö 

XXX 

MM« 

-4 r- cs 

xxx 

CS  •?  VC 

XXX 

in 10 eo 
OOCn 

*H r— to 

XXX 

r- co cc 

CS  CN  CO 

XXX 

in -* co 

in co -H 

XXX 

— CO  CC 
in in r- 

in ©\ — 

X    X    X 

sD r-   t 
m m -H 

co r— ^t 

xxx 

eo co 0 

CN r- co 

XXX 

co ^t in 
in 0 es 

CN es co 

XXX 

co co cs 

X    X 

es in 

es es 

2 3    -^ 

b. 

000 MM» n   n    ft N     N     *» 0   «   •* «     »    (9 «KB a   a   - M      *     O 

O O ö oöo ö 0 00c 000 0 0 © ö 0 0 ö 0 0 ö 0 0 OOO O Ö O 

XXX 

t- e- — 
i— co es 

XXX 

co co cc 

in CN •- 

XXX 

S CN   1/ 

«Ö  -*  CS 

XXX 

co \n cc 

—1   —   V 

XXX 

owe 

CO  CN  CO 

XXX 

<ONH 

XXX 

•** in es 
co 01 c- 

es fj- CN 

XXX 

^ m cs 

XXX 

CTi  -*  -* 
>£>  CO  •— 

— — es 

XXX 

co in vc 

in es — 

X   x 

co in 

P
re

ss
ur

e 

P 
m

il
li

b
ar

s 

0 OO- -MM 0  •»   « e    r.    B B    H    n 

©ö ö ö 0 000 0 0 c 000 0 0 c OOO OOO OOO OOO OOO 

XXX 

Tf    —1   C 
eo ©•* es 

XXX 

ONC 

in CM •- 

X~X   X 

© 0. — 
O  CS  S3 

r- •*»• es 

XXX 

Mine* 
eo in ec 

— — u- 

XXX 

in co 1/* 
«NO 

co es o« 

xxx 

CO 10 •— 

xxx 

es in c\ 

XXX 

SS3S 
i-i in CN 

XXX 

t- «S 

XXX 

^t c e\ 
er* m vc 

X   X 

*r in 

S
ca

le
 

H
ei

gh
t 

II km
 

00c 00c 000 0 0 c OOC OOO O 0 c 0 0 C OOC OOC 0 0 

XXX XXX 

in in y 

XXX 

VO CO  C\ 
CO  —«  cc 

•0 r- t- 

XXX 

«OiO 
co — c 

CO CO ex 

XXX 

eo co cc 

XXX 

»Olff 

XXX 

H«VC 
es M5 0 
0 0 - 

XXX 

es cn e> 

CN es T 

XXX 

co 0 t 
in co c 

xxx 

O  CO  C 
•u- t- c 

CN CN  C 

X   X 

co 10 

•* eo 

co eo 

I      -* 0 —t -t} 
0 in j co CN - 

^ es er 
©  OS  t- 

co co a 

co co c 

CO CO cc 

co co er 

CO CO cc 

co co c 

CO CO cc 

co co « 

CO CO cc 

co co c 
co co er 
co co cc CO CO  CC 

co co 

co co 

1 
m in t- OS    -*   T 

coou 
COO« 

5  CO  CN  C 
es es c CM NO es es g ags es es g es es £ CN  CN 

M  NO 
eo co o 

1  CN  CN  C* CN cs p 
es cs e 
«Nc 

1 es es e- 
J  CN  CN  C 

es es e> 
es es 0 

es es c 
es es c 

es es c> 
es es c 

es es e- 
)  CN CN  C- 

cs es c- 
es es c* 

es es 
es es 

A
pp

ar
en

t 
G

ra
vi

ty
 

g
' 

ON  CO c 
0 cs v* 

Ö\ <§ r 
co eo 0 

m o\ - 
—« e© c 

t^  \C N 

co co c 

8SS 

CC CO 0 

*^  CN  » 
m CN c 

ass 
co eo f 

S3? 
)nCSL !SSg 

wo? 

•ecu 

o\ in ^ 
• es\o\i 

- co vo t 
• ^ co ? 

)  CN VO  O 

«NT 

CN es ? 

•*T co 
in co 

e>\ t- 

P
o
te

n
ti

al
 

er
gs

 

0    O    ö «   0   0 •s   «   « 0   0 

0 c »OOC J 0 0 c OOC 3 0 0 c OOC > 0 0 c ) 0 0 

X 

0 co e 
5 co c 
0 \o - 

X   X   > 

1MCAP 

- V)  O C 

X   X   > 

•  tMC 
"  CACA  C 
IS t-  't " 

X   X   > 

»one 
ico-H c 
•« S3  O P 

X   x   > 

388S 

X   X   > 

• co 0 c 
»Nf-r 

X   X    > 

A eo CN c 

X   X 

)(NO 
)«CO 

0 -" - "«CSC •j co in r- -   CO   —>   r •-" -" - CN es c 1 co co - t •>* ""*• 

1 * 
=8 

'e CO  O ' 
low 

•4 es es 
\ es in 1 

•> -t 0 c 
•O1O1. 
1 rO •* - 

? m 0 c 
Or-   CJU ?|8| > 0 0 c 

3  O O  C 
3  WO   1 

5 0  0C jpoe 

- es c3 ? 

5  0 0C 

1«f  ' 

3  » O 
2 O 0 
i S in 

J 
o«( 
O  CS l 

s es co 
00** 
0 •** •*» 

*!   CO  CO  - 
; es \6 c 2 co ""*• e 

* \n m x. 
N \o 0 C 
- r- co c 

O  18  CN  < 
0 o\ <-* < 

3 co cn F - tn if \ 

\ es ** ! 
- es es e 

0  C\  CO 1 

0 CN O ! 

0 eo co e 

)«-f 1 
fwvoc 

t ^r m 
1 0 co 
- co co 

co 
to 

g • 
0 

a, CM 

00 

H 

o      o 
13 .H 

Cu 

H 

cö 

1 

1 

o 

S««pB mtiaa**nuw<v- -VTHT-* 

;;__ 



V 

(") 

o 

Handbook of Supersonic Aerodynamics 

1000 

5X10"'° 10' 

Page 3-107 
April 1,  1950 

5X10" 

DENSITY    RATIO   <r 

Fig. 3.48 ADOPTED VALUES OP THE DENSITY RATIO (cr) FOR ATMOSPHERIC 
MODEL II FROM h+ UP TO 1000 MILES 

Latitude 0°. Engineering Units. Fig. 29 of Ref. 3.20. 
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ATM OSPHERIO    MODEL IL 
ITU DE    0° 
DENSITY  AT   SEA LEVEL p*-- 

\     r~h*"865 KM 
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DENSITY     RATIO   <r 

^ 

Fig. 3.4-9 ADOPTED VALUES OP THE DENSITY RATIO (cr) FOR ATMOSPHERIC 
MODEL II FROM h* UP TO I65O KM 
Latitude 0°. Metric Units. Fig. 30 of Ref. 20. 
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Fig«, 3.50 ADOPTED VALUES OF THE DENSITY PATIO (cr) FOR ATMOSPHERIC 
MODEL II FROM h* UP TO 1000 MILES 
Latitude 45°. Engineering Units. Fig. 31 of Ref. 3.20. 
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Fig. 3.51 ADOPTED VALUES OF THE DENSITY RATIO (cf) FOR ATMOSPHERIC 
MODEL II FROM h* UP TO I650 KM 

Latitude 45°c Metric units. Fig. 32 of Ref. 3^.20. 

o 

rtgg*j,~m •TW* zTüznixvmim 



Handbook of Supersonic Aerodynamics 
Page 3-111 
April 1,  1950 

v/ 

6 

O 

CO 

a- 
S.2 

- s 
000 3 O O 

XXX 

3 O O 

XXX 

3S CO   -t 
-4 0 0 

soooooooooooooooooooooooooooooooo o'o 0 0 0 0 O 0 0 

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 

^ " *nw N  —  ~ — —  c* -SOW «* •* CO 

S _ 

si "* 5 c- 

000 OOO 000 OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

XXX XXX 

5 S £ 
XXX 

3J   -«   CO 

XXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 

8 

X 

M 

•0 

,1 er 

co      H 

000 500 OOO OOO OOO 3oooöööööoooooooooooöoööööooöooooooo 

XXX 

03f " 

XXX 

-f M r- 2 *~* 0 
XXX xxx 

382 
«XX 

*N8 -> —. 0 
0 0 -* 

<XXXXXXXXXXXXXXXXXXXXXXXXXX 

•it*WiBOM-*WNt»C)m""'"H'*p«<n5i'OifloaO»Jt-M 

P>  «O -O V) T  T MWN ^ —. — HO-h. /> -r M — — -c * M ^* B «  -» -mm 0 m m -* -f t-i ( MMCJMMMM-^^- 

« 8  "« So- 

OOO 3 O O 3 O O 5 O O 3 O O OOO OOO 000 OOO OOO 000 OOOOOOCuOOOOOÖ^OÖoO 

XXX 

— f vc 

XXX 

- £J rj 
XXX 

-OS 

XXX 

0i?0 

XXX 

3 GO S 

XXX 

sas /s S 3 

XXX 

•*   -4   M 

XXX 

sss 
XXX «XXXXXXXXXXX 

flttM   1*M-«MIOM   tCp   M 
«tCCVOCOCOVOOO^^MM 

M CO   "* m so CO - — — HMfH NM' m<o<c —   ^H   M n«* -MM n   00   M - <r> -. t» M — -J M CO •» •*• «o -.WO--1-1«« -1 -« « 

S-5   ä 

000 3 O O 3 O  O 3 O O 3 O O OOO OOO 000 OOO 000 000000000 

XXX 

CO CO VC 

XXX 

12 S •* 
XXX 

r- •* O 
os 0 —• 

XXX 

E M M 

XXX XXX XXX XXX XXX XXX XXX 

M 3 a 

XXX XXX XXX X   X   X   X    X    X 

•0 co S n co co 

•*«#•» m 10 m «llflUl tow« ««<a «"O'O «"O'O to «a « •£>  •£  -C to «0 >o t- CO — — — <•* M M M *J M M •^ M M N M M 

u  5-     > 

III 
OOO 5 O O 3 O O 3 O O 3 O O 3 O O 3 O O 3 O O 3 O O 3  O O 3 O O 3 O O 3 O O ? 0 0 » 0 0 OOO OOO 

XXX XXX XXX 

Jt -* • 

XXX 

»QO 

XXX XXX XXX XXX 

9S5 
XXX xxx xxx XXX XXX 

sss; 
XXX 

SSI3 
XXX 

* "" s 
XXX 

M-  -r Os r- sO 
4,1 •* M 

M  MM --«- os t-«n *MN « eo in MM« os *o ^s- t- -H  M -. toro " — " - — »- toio m id -t -» s»   «  -t 

ja 1- 
OOO 3 O O 3 O O OOO OOO 3 O O 3 O O 3 O O 3 O O 3 O O 000 3 O O boo 3 O O 3 Ö O 3 O O 000 

S82 
XXX XXX XXX 

^H   t-   O 
XXX 

MOW 

XXX 

o#- 

XXX XXX XXX XXX 

2 In 0 ass 
XXX XXX 

O. M  Ot 
O  —  M 

XXX 

ON   —   M 

XXX XXX 

A*3 CO 

XXX 

00m 

(M —   —• r- m -<? ro co r* M   -H   • -t   -4   0> r- m •* MN- O Irt M N -• — vo ^ en •* O^  M V> M t- M — ec ««« M  CO  M M M M M  M M 

D
en

s 1
 ty

 

P
 

sl
u
g
s/

ft
3

 

XXX XXX 

r- M 0 

XXX XXX XXX 

co T — 

XXX 

>ONW 

XXX XXX XXX XXX 

U) O S 

XXX 

-H M  M 

XXX 

3SS co -t <r 

XXX XXX XXX XXX 

VO  CO   Ot 
—1 0 eo 

VO •*? M -,    —«    -« a: so m •*•*<*> M  M  M MHOl t- u-> M Cl  — « 1« m M -H   —   «Ö HMV) —1 ^ —1 -et M  -" « « 0, r- to so to vo in in m -f 

0 0  0 

OOO 

XXX 

0 •* — 

OOO 

XXX 

OOO 

XXX 

0 0 •* 
M -* r- 

OOO 

0 •* JO 

OOO 

XXX 

0 r- in 

000 

XXX 

23S 

OOO 

XXX 

38K 

000 

XXX 

OMO- 

OOO 

XXX 

0 «3 r- 

OOO 

XXX 

2S2 

OOO 

XXX 

•* £   CN 

OOO 

XXX 

OOO 

XXX 

OOO 

XXX 

OOO 

XXX 

000 

XXX 

0 S m 

ö 0 0 

xxx 

cö r-^ sp «A «# M — O-  •£• «tN« ec « ^t —1 ,H  Ot so in in 

P
re

ss
u
re

 

P 

s   0   0 

0 O Ö OOO 000 Ö Ö Ö ö 0 0 0 0 0 0 ö 0 000 000 0 ö 0 OOO OOO OOO OOO 

XXX 

R23 
XXX XXX XXX 

sss 
XXX 

"»ff.-«? 

XXX XXX 

Jo M <S 
XXX XXX XXX 

<K M m 

XXX 

0 0 p 

XXX XXX 

to 10 Jo 

xxx XXX 

flOg 

3JH 
000 OOO OOO 00c 000 00c OOO 000 0 0 0 O-O c OOO 000 

XXX XXX XXX 

eo ON — 

M CO 0 
S3S III t-   «O «/ 

XXX XXX 

sss 
Os  « M 

XXX 

s§3 
XXX 

So? 

XXX 
exist- 

XXX XXX 

^ 0 c 

XXX 

sg§ 
XXX 

CO  M Q 
MC1-J 

in w«; 

15 * 
0 0 a O   O  ON SSR MMM S38 S?!S 8MM M   M  tv 

rj 0 « t— VO 1/ SKg co co ve 
Mint- 

o>t« 
00c 00c 0 0 0 

1 
-a 

f 
a. 

ll 
'I 

: : ; 
0 0 OOO 

XXX 

OOO 

XXX 

0 0 ö 

ON os ee 

OOO 

XXX 

SS9 

OOO 

XXX 

OOO 

XXX 

WJJO 

ö ö 0 
XXX 

0 in o 

OOO 

XXX 

Ö 

«VO 
OOiC S25 5f 1-' OS CO 0 

m so r- 

«0 r- «»•• -* — *- -.MM 
n,Mfl 

-oco- M <-)« *--« NMV • -"* = S-8S sss S£S Oi os O OS OS 0 

: : : 
0 0 

•    X    X 

OOO 

XXX 

OOO 

XXX 

OOO 

XXX 

OOO 

XXX 

000 

XXX 

000 

XXX 
f -» -J: 

OOO 

XXX 

82 = 

0 0 e 

XXX 

3K3 

b 

Ö to  P 

c 
So? §35 

irf CM  1/ 
ggJ2 -1 CO si iss 

— - F-«     d      W NNC 
MM*' w«t- ON   ••*   — MM"* *o co — ~H   —1   C o\ M ^f O 0 S3 S 2^3*" -t M <- M  -H  - -<   ^H   -4 

if S5* 

5 
:«,- S5 0 £ SSS r- 0 <*• co •* c S?f »wc », SSS «oe 

c 00c 0 0 c OOO 

Js§! X   X    > 

i  SO CO i 

X   X    > XXX 

sss sss So S B eo S S cor '. <*t « 
5 —         C A  MIA. 

!! 
0 

M S "*   ON   S£ 

58? 
8SS 
O ON 0 

M  0\* 

cÖr^t- 2S: M  M C 

,2S 
MOJO 

O ON 0 

t-tai 

:Pine 

> 0 0 c 1 0 0 • 

1 O M - 

X   X    > 

S M CO - 

x  x i 

»aaj 
X   X    > 

Ö M  -I  S 

XXX 

|   K F 3|| 0 0 c §3f 0 0 c sss 1§S 
35* ,ls§ •11! till S88S |8|; 3SS| SIS; l§I§ 

A
pp

ar
en

t 
G

ra
v

it
y

 

ft
/s

e
c

a
 

to .-• s 

MM? 

O so a 

m co ? six 
vö jrji/ 

O M C 

PI 0! 5 M C\ ? o?c 0 S "* 
'mo! 

i «0 -* f> IMHC JeoVv 
3Ss: >) O  OS ' 

ä S co i SSS' 
£ 0 0 < 

O M  r- r- 

3  O O C > 

no    j. 

- 
XXX 

M -»• sc 

XXX 

»or 

XXX X   X   > 

8«? 
ei csi c 

XXX 

J  CN1  M C 

XXX 

INNC 

X    X   > XXX 

• 0\ M  U 

X   X   > 

; ^t in « 

X    X   > X   X   > X   X <   X    X <   X   X 

>j m co 
C   OV  M 

<    X    X 

J   SO   S 

* IC 00 

<   X    X 

3S?£! 
K  —   CO 

<    X    X   > 

2||| I 

'a 
w«« )<o<oc 

5 5 3! 
• wo- 
- f- Q *)  CO  ^f III 3 3 in 

-•MM 

"'S"*! §Ss w» O V 

S3? si! is^: )|S£ ?sss 1 ^$ 0 ] 
o 0» 0. < % 

ra 
03 

H 

a 
EH 

o 

CM    O 
•P CV! 

>^ 
H • 
. ^ 
H & 

K       CM   <»H 
O 

u 

© 
H 

• .a 
_ ra   cö 

CQ« +J  EH 

IS1 t-3 <Z fc>     • 
&"?      ^ >   I   Up 

-CVJ Ö |H 

fn   OJQ 

H; 
M 

CO 

to 
bpro 

Q O W   O 

n •« 
MEH O vO 
«M CO 
MOT   ©   CM 

Es 2 CM 
COO  4-> 
O ^ -H    U 

EH is;  cö    o 
^<!^  a 

Irs 
CM 

a> 
H 
^» 
«J 

EH 

883275 0 - 50 - 14 



Page 3-112 
April 1, 1950 

Handbook of Supersonic Aerodynamics I   * 

( .. " 
0 0 c 0 0 e 0 0 0 © 0 010 0 c oocjoo^loooo I 0 b 3 © ö 3 0 000000000000] ©00000 

eM~>moöoi/;cMOokß-*»Ar-©»^NOo* M>O»I{N^NOO>IO(-'"OIJO iA03P)riNr<>aooir-Siu)Holi>vi4n 
•* CO CN   CM •— —   —«wONt-NOi/)-*«*««;  CM CM •-   HO>" '"MM-'fta««'!'"--'««  nMXMHMMHh «viiniA^n^'  V4 

X    u 

-si"8 
0 © e • :> 0 c 3 0 0 • , O  O   < 3 O C 3 O C 300 oooöoooooooo öoööoooooöoööooooo 
X   X    X 

a •* c: 
CM t 1/: 

<   x   x 
o2E 
- ON —• 

<    X    X X    X 

3 -*• r~ ] 

X   X <    X    X 

- c» es 

- Ch — 

TOCS rt«*o'>occ>i*>'-'-3cjle7»'£ H tn 
HNniO»-fin«fi--"-i 3. «• —1 •£> « c-t 

3 c s s s s s s a a s a s 2 s 

2 i? " ' 

3 0 0 S  O O  • > 0 0 < 30COOÖOOÖÖOOOOO 000 300OC5OOO0 000000 

CO 5 - — — — *.S5 
«XX xx 

O CM  CM 

<   X   X 

1 — — 

300 

— 0 t- 

XXX 

* CM «fl 

m «* CN 

- — 0 
CO-* 
- — --c 

<XXXXX    XXX 

- 1» if, if 0 is «JNOC-J 
- c I- - 0 cs 1* t- in 

XXX 

---.»-nf'fiWoiDOMt-rt 

7l-g   , 
o.^nttttflnnnfifl nnnrtnnnn 

000 3  O  O 3  O O 3 O  O 3 O  C 3 O O boo 3 O O 3 O O 3 O O 300 OOOOOO 3 O O 3  O O 

X   X    X 

too 

«XX 

— 01« 

-Nfl 

X    X   X 

•O  CO •* 

<   X    X 

0 — O 
1 «* \6 

A<Or> 

<    X   X XXX 

-a Ot — 

XXX 

f) «* r- 

X    X    X 

M ON O 
3  -r O 

t r- — 

XXX 

•J — -f 

XXX 

-"   <*>   Ul co —i — 

X   X    X   X    X   X 

Jl CO ON o\ ON CO 
-O ^ ON PI vo ON 

XXX XXX 

0  *g -* 

s-s    » 

000 © O  0 OOO 3 O  O D 0 0 3 O  O 3 O  O 300 3 O O ö 0 0 3 O  O 000 000 300000000000 

H "* 2 
XXX 

SK8 
XXX 

M  •*  NO 

x   x  x XXX XXX 

5SS J> g> gj 
XXX 

sJs 
X    X   X 

CN CM ro -t lO «0 

xxx 

vO NO h- 

XXX XXX 

288 
XXX 

CM   CM CM 

r^ *- t- CN 

in 
1 

0 0 0 000 0 *o 0 000 000 000 3 0 0 boo 3 0 0 3  O O 3  O O 3 O <3 00s 3  O O 3 O O 000 3 O O 

XXX XXX 

to CM CM 

xxx 
O — -o 

XXX 

5 co •? 

XXX 

3 — <x 

XXX XXX 

3 cs *£ -c*o 
f  CM   — 

0 eo 0 c-t r- — 
?•£••£ % a *° 

XXX 

0 r- 0 

XXX 

VO "> •* 

XXX 

£coco 
Xxx 

to 0 ON 

CM   CM — 

XXX 
0 — «* 

XXX 
0 "* s 

D
en

si
ty

 
R

at
io

 

P/
P 0

 000 3 0 © =•00 000 000 3  O  C 000 3 O C 3  O O 3 O O 3 O  O 000 000 300 3  O O 3 O  O 000 

XXX XXX 

W 5 ift ScSR 
XXX 

•JNO 
X    X   X 

5   O   (N 

XXX 

0 5* - 

X   X   X XXX xxx 

3i IS S 
XXX 

•*> — a MM» 
ON r-  CH 

xxx XXX xxx 
lO CM  gj 

xxx 
9St- 

XXX 

88S 
W-:T r- NO -* «MW CJ —  — rt   ^H   0\ t- »o *» «*J CM  *- ON«A  M «_—- *£ "* t? t o\ w WNr- CM  -CO NO NO •*!• PO  CO CM CM CM CM CM  CM  CM 

5         "« 

a          5, 

000 0 ö 0 O  Ö O öoö 3  Ö Ö 000 000 ÖÖÖ obö oöö 000 0 0 Ö 000 000 3   O O 0 ö 0 000 

XXX 

S — <*J 
HIM  - 

XXX 

CM 3 co 

xxx XXX 

^* 0 r- 

X    X   X X    X   M 
co  to C 

XXX 

r- ON r- 

P> CM — — 0 t 

co So "2 
M —• — 

XXX XXX XXX 

MOM» 

XXX XXX 

— CM ON 

cot- •* 

XXX 

OlSN 

f  CO CO 

XXX 

g   CO   NO 

co CM eM 

NO  ON  CM 

CM  CM CM 

i* * 
000 

XXX 

© •* — 

CM —1  — 

000 

XXX 
(- « © 

»t- «1 

000 

xxx 
0 0 ^r 
CM 5* t*- 

3 O O 

XXX 

og« 

3 O O 

XXX 

SSifi 

0 0 c 

2 Sg 

00» 

xxx 

3SS 

00a 

XXX 

000 

XXX 

000 

XXX 

000 

XXX 

000 

XXX 

r- o\ r- 

000 

XXX 

000 

XXX 

5wm 

0 0 0 

XXX 

000 

XXX 

000 

XXX 

NO  « CO 

2 00c 00c 000 000 

•  • • 
0 0 c 00c 00c 0 0 c 00c OOC OOC 0 0 c 0 O c 0 0 0 000 OOC 000 

oT         5 
1     X   X    X 
1 ss = 

X    X    X 

en — =0 
own 

xxx 
I-»  NO 0 
CM ^ r- 

irj •* co 

XXX X    X   X XXX XXX 

S CM  3 33? 
M -* <o 

2SS 
XXX XXX XXX 

CM  -* — 

XXX 

SKS 
Xxx 

ass 
NO 10 \n 

XXX 

3 8 2 

«»3 

000 00c 00c 00c OOC O 0 c OOC 00c 00c 00c 000 

xxx 

CM CM  NC 

xxx 

-1   CO   T 

xxx XXX XXX 
IA O u- 
r- co cc 

X    X   X 
CO   — , 

xxx 

sag 
CM CM  CJ CN CM CN 

XXX XXX 

SS5 
XXX 

O  CM  CN .» 
XXX 

to — — 

XXX 
CM   CO NO 

—  — CM 

1  53S iof x T «# •* -t •# •# •* -* -1 -t -1" •« 

— 0 ec t- \o m 

"* "* 2 

co eo vc 

-a 

1 

il 
0 c 

X    X 

0 0 
0 c 

•0 C 

00c 

xxx 

SS2 

00c 

XXX 

CM wc 

0 0 c: 

XXX 

0 0 c 

XXX 

rt  fC 

co •* w 

00c 

XXX 

000 

XXX 

C4 « U" 

00c 

XXX 

O iO c 

OOC 

X    X-  X 

So S 2 
CM 

ScScv 
tO   NO   — 

O   ON   O 
—. — ve 

O •* CN 
00   CO   ON 

.» t> co 0 

SNON-SN 

II 
4:8 

0 c 

X   X XXX 

CO © C- 

00c 

XXX 

moj- 

CM CM C 

0 ö e: 

XXX 

00c 

XXX 

CM  «v 

00c 

xxx 
ass 
ONHP 

00c 

xxx 

CM -" c. 

OOC 

g 0. - 
*o co - 

OOC 

XXX 

5 & 5 

0 

is! 
en M  v* O 

SB? ICM5 
CM — — 

fl-  CO CM 

r u 

I il 
S2 

z* 
eo - 

]zzl t-Sc 

« 0 1 J SS N i 
: co co ' 

(U1 
SSioS 

co in ( 
v  «* VO <• 

" o\ 0' c 
CO  ON Ö 

ass «§? 
^2U 

c; OOC 000 

r-  X 

—      " CN 

XXX XXX 

CO «* 0 

XXX 

sag 
-J — ov 

I! 0 
iS a —1   1 

• ootj 
IN« 3is a 1 : = SS ! co co c 

! 0' » C 
! P; S i 

f to cö e 

c 3 Ö O C OOC 00c 0 ö 0 

isSt 
XXX 

i9(S5 
3 CM CO - 

X   X   > 

< — CM VI 

XXX XXX 

.s. * R 
j   CO CM  — 

(2 II 5 §8 IISI 
NMNC 

pg] SSSSSS! B8SS 
3SS! 111! III? 

IN«' 4 CM CM < iiil ,885 ,11! 
iwwr tSSS 

4  CM  CM  CM 

Sri eo co 

2 — CM 

0 co eo 

OMNI 

3  CO CO 1 

3   U"> NO  ' 

3  CO CO 1 
igs — 1— (- l-lt— (~ 

8SSi 3 3» 
- 0 •«> 

1   t/J   O   V > co 0 1 

3 * co 1 
* CO  CO c 3§§! 

i3Bt 
' t-^ 0 1 

»oijje 

1 CM 2 U i CM d ON 

•a 
** "11 

-»   CO  CO C 

0 "* o\ 

2   CO *** 53§ 
=> -rt w 

ISS 
no« 

5f-to 

IV   O   «M 

sss 
3   -M   M 

3S3S 
2SS •JNS 

- CO O 

f w) vO 1 «!!•: 
« eo jj» • 
[ r- eo_i 

-  CM CM . 

;5Kw 

M  CO CO  CO 

i |S3 gg§ gSg! is§ SIS £88 000 111 III III III it's lsl 
»^o*' 

i.lij 
O  O 1ft c 
«NNt 

» UlQl 
irtf • !lll 

CO 
03 

n • 
a. 0 

CM 
•V • 

Ü 
ro 

H 
9 

«N   ^| 

as •2 J2 

m «H a H   O 

g 0 

<t 
l=t n 
0 ^ <J> 

OH 

cd 
EH !H 

B*3  • 
Js»   I   +9       • 

HS O  a 

il Q O 

SSI 
HEH 
«H 

P S E£l 
COS 
Q 

NO 
CM 

ro 

tu 
H 
& 

OS 
EH 

•P CO 
Cl)   I 

• « 
o 
o 00 

© H 
•Ö      • 
pi H 
•P 
•H   n 

o 
Q. 3 

) 

... £ .:„ 



•|( r, 

Handbook of Supersonic Aerodynamics Page 3-113 
April 1, 1950 

$ 

'     r    [ <J' 

•    go      H 

oooooooooobbbbbobbbbbbboooboooooooooo 0I0 oöboooooooo© 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

- f.-* WM W . HH«CQ«lfl' f^MNHrt» «Ol  «IA«M  » H com «ocMso ^ * CM   sc   C ___: ~~ _ m^. *£-__£ _:,tn.u2 ^ irt «rt Irt 

co *> oooooooooooooooooooooooooocooooooooooooooooooooooooo 

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 

CM -»•»- -rteMIO<*lrtsOeOrt - — ^- « -1 «0 -* t. nr-ONrtrtro-Vt-rt -   CM C.   S n<M rt c ̂ WN«-.„-,rtN, 1 ro co 1 •"*»•*•*•*•* •* 

i  er 

•    go      " 

oooooooböbbbbbbböboboooooooooooooooooooooooooooooooo 

XXX 

JOO 0 

XXX 

— -i es 

XXX XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX_XXXXXX 

^o»«^i^u} — eor-^ö«^^o®*M'^<öOx«ocew©MMONirtO^F5«wONt-«5»n'*^r'»C'i 

• s'l "« 
0 0 0 3 © © 9 O O 300000000000 sooo^ooooo^cooooooooooooooooooo 

XXX XXX 

i2 S S 
XXX 

Mna SSR 
XXX 

£32 32fi 
«XX 

N S 0 

XXX XXX 

N<Ojt 

XXX K    X    X 

rtcMte^o^SsoSioQcQSs^ioSEgcoScS 
Irt rt rt H m m - os —• rt — CM N CO  •«* rt t- c. -1 — <M NsfO rt rt  CM «r »ö CM rt so CM * "^ ^ CM_eM <-i •)"*lfl*l-N»COCl j, OS rt rt 

OOO 3 O O =1 0 0 ? 0 0 000 000 o 0 0 3 O O 30O0000C300O0 3 O O O O  O O 

XXX 

S 3 S» 
XXX XXX XXX XXX XXX XXX XXX XXX 

0 J3 3 
XXX XXX 

3 S °* SSR 
XXX 

N  CM £) 

XXX 

* »rt SO 

X    X    X   X    X    X   X 

•0 so r~ t- p- r- r— 
O  PI  CO  CO  CO   CO CO 

,5T* "MS .*-»»/> irt irt »rt "iJOJ? «XKO »O «> SO o.so.*: >c«<c ko se> so c so so - ^jr -  CM CM N   CM   CM ^  CM  «si ".*:* *s M CM   CM CM 

|5   ^ 

0. 

000 OOO 3 0 0 OOO :> 0 0 OOO 3 O O ? 0 0 300 ^00 OOO OOO 0 0 0 0 

XXX 

s s s 
XXX 

»gq 
XXX XXX XXX XXX 

Ort« 

XXX 

£ rt   Q 
XXX XXX 

-t 0 ** sss 
XXX 

O Csl OS 

XXX 

2  CO  CO 

XXX 

Nj-W 

XXX XXX 

^ eo s? 
X    X    X   X 

- 0 eo eo 

O *r CM —. — 0* - irt •* CO CM CM M •• — ^ t~ irt •* Crt <N -•   rt  t^ •>r CM rt rt CO CM «row CO  •* CN CM — _* -. — OS c r- so «mm trt irt »rt ** 

.2.2    0 

,2=      'I 

9   0   a >  g  0  0 

OOO 3 O O b b 0 boo boo » 0 0 bob 3 b 0 3 O O 3 O O boo 3 0 b 3 0 b 3 ö b OOO 3 b 0 3 b 0 0 

XXX 

sss 
XXX 

N   "»   *•* 

XXX 

sss 
XXX 

V©   ^   CN 

XXX 

«S3 
XXX 

W irt -f 
t>V   (M   t- sag 

XXX XXX XXX XXX 

rt rt  0 

XXX 

S2S 
xxx XXX XXX 

O  CO t- 

X   X    X   X 

3   JJJ   O   rt 

rt »rt CN rt o> so irt eo co CM rt — — — to *0  t M CM CM rt rt eo «rt frt «si rt CO   M>   rt CM  Wi  rt CO  rt SO rt rt os p-  SO -t •r «0 to «NN CM  CM   CM CM 

n O   —1 OS 

XXX XXX 

882 «2 R «c 

XXX XXX 

VI —   O O. n — 

XXX 

CM OS <N 

XXX XXX 

(O CM OS 

XXX 

ro fM so 

XXX 

co s2i2 irt CO os 
rt t-   -t 

r- O  s+ rt 

CM -« >o CO    CM    rt -i 0* r- Irt-* CO IN <N <N — — o- so irt -* "-vr 1- •*<•> ^ -"*> SO rt  CM CO CM  — •*  CM  CM ^ **^ -* os co r- P- so so so so irt »n 

S.s   = 
V.S.  - £ 

0 ö 0 © O b b 0 0 bob bob bob bob OOO OOO b b b 00b bob b b b OOO b b b OOO 00 bö 

XXX XXX 

CM »rt v: 

XXX XXX XXX XXX XXX XXX 

3 S3 o> 0 irt a 

XXX XXX 

S CO sc 

X    X^ X 

so S S 

x   x   xlx   X  X 

»rt rt eo|S »rt — 
XXX 

•£• irt r- 

XXX x  x   x  x 

trt CO  —• 0> 

-t c4 — — ec t- «•tt <*) <M CM CM rt — — eo «c WM'M CM rt CO irt co esi rt OS CM -t Ov esi e> w ni CM   CM  rt rt —. rt o-  to r- r- p- sc sc so  so »rt 

8    »Ü 
1 

iot OOO 0 b 0 OOO boo OOO bob OOO OOO 0 b 0 OOO 0 0 0 0 0 0 b ö b o'ols 0000 

SotS 
XXX XXX 

CM 0 "* 

XXX XXX 

(C CO C 

XXX XXX XXX 

O O 00 

XXX 

rt   (»   -J 

XXX 

frt irt CC 

xxx 

ss; i*  CO CM 
0 0 Irt sV* 

XXX 

.-0 co cs 

XXX XXX X   X    X   X 

OOO OOO OOO 00c 00c 0 0 c 00c 0 0 0 0 0 c 0 0 e OOO 00c 00c 0 0 c 000 000 c 0 0 0 

SSI 
XXX XXX 

as CM 3 

XXX 

t 0 u* 

XXX X   X   X 

ts 0 — 

XXX XXX 

SSI 
XXX XXX 

scSS 

X    X.  X 

O   •?   (. 

XXX XXX 

»rt O eo i§i 
XXX 

5QP 

X    X    X    X 

SSCMJO 
to to -^ CO 

••»(( Nrtr co ** ^ •* -» irt irt irt u- Irt SO SC so sc so so sc  sC r- t- t- f- is- a OS   rt   — CM   M SO rt CM es M  tf rt   rt   CM CM«  V irt so  t- Os 

Is * »3r SRS "."." SRS — ^ OJ 
•4 •• » 

CM CM ? CM CM — — s~ S3S SSjffi C- CO 0 
irt CM *fl 
—1 rt 0 OOfi sss ssss 

i 
0 

to 

.si 
ss 

ö b 
t    X    X 

OOO 

SO CO u 

OOO 

XXX 

OOO 

XXX 

0 0 c 

XXX 

SS2 

00c 

XXX 

o> r- c 8SÜ 

00c 

XXX 

CM rt vc 

00c 

XXX 

irt  t- r- 

0 

-Sc la£ joe 
CM •"* si P-  CO   OS  0 

so P- OS   rt   — —. —• CJ WM" ^wr- OS   rt   — 
•M ** 

t* rt - CNM- SO        — p>«o fj eg ec 
CO   COO OS & S OS OS 0 

CO CO   CO OS 
Os OS  O*  Ok 

.ss 
II : i : 

0 b 00b OOO 000 OOO 000 bob OOO OOO 

SS5 1«- co so a CO  CM P 
IJCA   J J2 rt C so 

?5 GS 
•    X    X XXX XXX XXX XXX 

I- — 0 
rt *r s£ 0 5s — 

XXX 

1- rt c 

XXX 

— - rtCMO CMCO^ -f -* w so t- a rtrt   r- CM CM   -» VI CO- rt  CM  -i Mffll CO CM  Cf CO  CM O rt rt — 

0 £ 
1 5 

as" 
•* I 
Ox 
so 

CO  s> B„ KSS 83S 0 to c •* CM  C £2 3 e SOS? 
«fC 

<n — c 

so  -) 
cScoS 

c 00c 

op  »rt 

co-roc ass 
XXX 

825 
X   X    X    X 

rt SO   CM  SO 
rt SO   OS »rt 

co os 0 sss ec to a cScSa SSc, co3S 0.0- 
Ov OS C SS3 VO  CO  O rt CM  C -*CM- co «rt co CM 

0  c 

3! 
0 

0 '   CM -1 
«1 \£ 23? 

S8f «no 
0 0. c 

to <c a 

SSRS; 
irt irt u 

CM irt O 

i CM rt c 

sss 
*  CM C 

•Ö Irt 1 

Ol so r> 
OS so 1/ 
eo 10 r 

f CO oJ - 

c 0 b c 00c )boi 00 ob 

rt *° * X    X   * 

c3 co <: 

X   X   > 

CO so - 

s ** cö e 

X   X   > 

ics n c 

X   X    X    X 

: irt 8s O OS 

« rt o> r^ m 

11- s« s   * 
rt CM C> 

00c III 1 0 0 e 

2§§ ss§ |8| ill g 0 c 8S§ IS! |SS >§§§ ,111 Ills * -t S3 - 
38SSS 

A
pp

ar
en

t 
G

ra
v

it
y

 

ft
/s

tc
' 

325 S -* c © eo st 3ss IPP 0 3 ? J rt£ v 
:OMI 

3S? = 5 
1 Irt O si Hi •) •-• 0 - -ss? ) w»c 3 eo to < 

83SS ; — r- c- t 

'  5 CO  CM CM 

i < * 

00c 00c • 0 0 c oo< 0 0 ' 3 0 0 e > 0 0 c > 0 0 1 3   O  O  C 1 0 0 c > 0 © < 300 ; 0 0 1 3  O O  O O 

x  x  > 

CO t£ ^ 

x   X  > X    X    > 

1 ^ «1 J 

X    X   > 

s eo 0 0 

3  O. O  - 

X   X   J. X    X   > 

t- OS «• -    CM 3   ' 

X   X   > 

j  M? OS ' 

XX* 

r CM irt b 

X   X 

IN»' 

X   X   > 

n CM so C 

X   X    > 

5  OS  CM s 

X   X 

c os CM ' 

t    X   X 

"   SC? ** 
• irt CM 

<   X   X 

^Srtl 
0 rt eo 

(    X    X    X   X 

OI«r 4   rt   —   - • rt rt . -  — -H n <HNC 1 0 Cl 1 i c4 «si <• ̂  co m t 1 .t r- • * (rt Irt »J D CO OS - -rtrt- -   — CM   C J   CM CO  - 4 sc5 eö ^ rt M -   —   „    _   CM 

X 

"s 

•* OS u •)   O   U)   " . so rt p 
; 0? uj e 

inn" 

1 eofe 

:SI? 
- CM CM ' 

j eg os ; £   rt   trt   «. 

Ssos; 

3   CM 

J S« 0 1 
?KsO. 

IMCK 

•SO- -is::' 
SKsc 

5 "^ s — co »rt 
*   "W »rt 

- eg »rt CM se 

S   O  rt   CM   J* 

M   CO  CO   CO   *? 

to 
CM • 

B 0 
CM 

a« X. • 
^a CO 

r* rH 
• 

g vO «H 
p rH d) 
y PH « 

s CM 
«H 

P4 u 0 
fil 

EH 
0) 

P=t • H 
0 to ^i 

•p cd 
tO«  -H kH g gs 
Ö (3 tfl 

.JM5 

• 

•p 

*     © bo 
Mia  a) 3 
HS   Ö IH 
HB >H W 

I-Hfxl    Öm 

MFH •* ^ 

pq to co rn 
Hiz; "ö • 
Kpq p$ CM 
co« +s 
O       «H II 
ap -p 
EHS  Cö O 
•aj<<i Hl Q. 

IN- 
CM 

a> 
H 
a 

(J 



Page 3-U4 
April 1,  1950 

Handbook of Supersonic Aerodynamics 

J 
3 z   „ 

'    a 3     ** 
X  X   > 

—a f -r !• 

0 0 c 

X   X   > 

» O CO 1/ 

»MM- 

ocooooooooooooooooooooooooooooo olo OOOOOOOOOOOo 

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 
io»ii-MeA^noftwi»-<NNo^3HOcoN»e>i-ci'itHNi/)i-Nwiocgaoion}o5-*»Q»£B 

iMMtovi/i^vnNHHMOiio'uinNHoivipiNiOHNiocviHrfHHrHHMaicohifiiaifli/iiÄiniöu) 

M    1> 

•£•5   - 
So- 

1 O O  OOOOOOOOCTOOOOOOOOOOOOOOOOOO  OOOOOOOOOOOOOOOo 

X    X   X    > 
Ä 3 G ! 

X   X   > XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 

t-  i-M P •> 0 t- c •j es M e O  -}•  W  t - o-. — - -NN( 1iflffi«N")l /» eo es -03M« 0 ^ es intifirtt-osovwrt^H -.  H — — 

: " g a 
S|-5 

cöo ooooooooooooooooooooo oooooooooooooooooooooooooooo 

XXX 

vo O <o ] -^«< J«N 
<    X    X XXXXXXXXXXXXXXXXXXXXXXXX 

•jj.N^ovi^ooHf-f.»Q-qint;^N»N"M 
-r.lo-oir.-o-Tfo«*rtÄo)i»»ciWMOn 

txxxxxxxxxxxxxxx 
sCT**"**s'o^£;*cPCTivomr~©**io 
4iTii/)0'Cn-otNcrit-voiAir^mfi 

VI   M CS   - - —  0\  C -  vO  «* 1 n p* N -< •-• - CO •£> n *# M 1-^CA D«M-<o\M'<t-iM HCONNvOlCVOul^ IMNNlNMNMNei 

ooooöööoöööööoooooooooö^oöööoöooöö'öo OOOOOOOÖOo 

XXX <   X    X 

* CM VO 
C   CS  M 
_ eo vo SK- 

XXXXXXXXXXXXXXXXXXXXXXXX 
Mn«0'OCai')HrHeirHM(>)0<CVOtlCNC>l<tO>CO^l/> 
iOM|fi''»[-(ONon'"5pinNSioe\oiMftNM 

XXX 

t ON 0 

XXX 

NNf 
— cs vo 

XXX 

sss 1 t^ co ON 0 O es 

^H otn 0 — — -IW« •tf  Ul  t- n -c — -* M es O   T   vO OHM -> w» <o — — >o i-ir- -< 0 m -art - -« ~ — es es si es es S MM O 

11   5 
S J     » 

=5 " 

£> 00 300 3  O  O 3 O O a e 0 S O €3 3 O O 300000000 3 O O a 0 0 3  O O 000 OOO OOOO 

xxx 

a* f — 

XXX 

".s.s. 
XXX 

N<DO 

XXX XXX 

N gi es 
XXX 

Ü 5\ S\ 

XXX 

7«SON 

XXX xxx xxx 

j\ 81 -; 

xxx X   X   X 

9 esj 3 

XXX XXX 

t   P-   ON 

r- t^ t^ 

XXX 

gas 
X   X   X   X 

„>- "4 

1 

OOO OOO OOO 000 

XXX XXX 

O CS CO 
r~ c ** 

XXX 

HOJC 

XXX 

e3 co 31 
XXX XXX XXX 

n — S 

xxx 

3NV 

XXX 

Ä 0 p 

XXX xxx 

^ 52 w 

xxx 

3Ro n es In 

XXX 

3 vo -r 

X   X   X 

oirtr» 

X   X   X 

2§ä 
X   X   X   X 
1 r- Qio 

(*>-> — •°"M NCN   - -C"f >© l^ -f n es — *• 'H°1 t~   •*  CN — « iC v es eo -"«N CN1-   - r- vo m 10 -r« es es es 

S.S      0 

JI'S 

0  0  0 B  a   0 9000 

0 Ö 0 000 000 000 000 000 000 000 ÖÖQ OOO ÖÖ Ö Ö00 3 O O 0 ö ö öööö 
XXX XXX 

rtco - 
XXX xxx 

^ •* jy 

XXX XXX X    X   X 

1NO 

XXX 

r- — o\ 
-H O cs 

xxx 
V)l- f 
[-> •«* >o 

XXX XXX 

S2S 
XXX 

- « 0 

XXX 
gvpo) ssa 

xxx 

0 eo r- 

X   X    X   X 
•f «-. 0 — 

«in « H9<\C m M M •M  —i   — -MB) »O   "*   fO es es — -om ««« »irt- es m — M « m —   —   ON r- vo ^t t«n (1 es cs es es es es 

5     "4 
cS        - 

ÖÖÖ öoö 0 ö 0 öoö boö 0 Ö Ö öoö 000 ö ö ö böo =• Ö  Ö ö 0 ö 0 0 ö 0 ö 0 ö ö 0 ö 

XXX XXX XXX sSs 
XXX XXX XXX XXX XXX XXX XXX 

DO« 

xxx Xxx XXX X   X   X   x 

5 2° 
•S.S.      » 

0, 

0Ö0 OO Ö Ö00 000 000 000 000 000 OOO Ö Ö Ö ö 0 ö OOO ö ö 0 ö ö ÖÖ 

saa 
XXX 

KftSS 0 co 0 ses 
X   X    X XXX 

*t m a> 
~* r- «o 

XXX 

2SS 
XXX 

co m to 
M f en 

X    X    X 

0 m co 

XXX XXX 
es ON m 

XXX X    X   X X    X   X XXX 
j.jj 

•* es •— -" co r- vo ^f ** M  CS   CS CN ri   -* •MCO vo WMM es —• co m n es — t>> <s ^r en es ON in MI es es — —   -H   -H ON co r- r» t- vo vo vo vo m 

l                       - 
• > • 
Ö Ö Ö ÖOO 000 ö ö 0 iöö ÖÖÖ ö ö ö oö Ö Ö  Ö Ö ö ö ö ö ö 0 0 0 0 ö 

XXX 
*t vn ^* 
eo co 00 
•» es ~ 

XXX 

ass 
XXX 

RS3 
(•> CS CS 

XXX 

w -^ -1 
sat 

XXX 

sss 
XXX 

es ~ o% 

xxx X    X    X 

Sao 
— ejv es 

XXX XXX 

p- ^s 
ON in M 

XXX XXX 
es eo r- 

xxx 

ON eo* r^ 

XXX 

rJ r- vo 

X   X   x   X 
Q es c- M 
v5  «• «N 0 
vD O vO to 

• .2?    -a 

000 0 0 0 000 000 000 000 S.&S 000 OOO OOO 000 OOO OOO O O Oo 

XXX xxx XXX XXX XXX XXX 

"'S** 
XXX 
OigO 

xxx 
*0 es « s?>< 

XXX 

ON   -J-   <S sss 
XXX XXX 

Seses 

XXX 

S SN "* 

XXX X    X   X   X 

S SN es 0 
es CM CM es es es es n •* •0 — — •* VO  00 « — es « "* VO eo —• •« -«WM 

J! - WM? SSS ££3 m M t» asa aö co r- ssa — 00. 
es es —> ts: SScS sss *lrt- 22S SSS OOO ssss 

"""" 

ja 

1 

£ 

il 
<1 

O c 

X    X 

0 ~ 

XXX 

•& M u- 

es 0 c 

XXX HH 
00c 0 0 e 

3oivi es — \c 

0 0 0 

xxx 

-« es c 
SSo 2 ° c es M vi 

NNB 
« VO  -1 VO vO  M 10 

vo t- CN-- - -"-«* M M c- **°^ ^ -4 — -H es 1 r.- - es « - vo      — noio ^ S f2 <*> vo eg 
ON   »Jv   S $«s engggv 

U 
0 ö e= 00c 00c 00c 00c 000 0 0 C 

§|- S2 = Mloe Ssi fjrtSS 

XXX XXX 

ass 
XXX 

Koi^ 

XXX 

H5V 

xxx XXX 

In 0 e 

-- -Nf CS  « C **«• •o r- 0 es es ^ m eo — ~* es *•; — MM1 MiNC« SS1' 

il s" 
vo 

CO \ .sss SSJS3 
* 0 0" e 
•  CO  CO 0 co co S < CO So 0 

3 St? 
co co 0 

s — z sss 
* en ON c 

CO S C 

CO CO v 

sis 

n n   *    0 n   «>    » a   0   «   e 

e: OOO O O  c O O O 0 

N »n ^ XXX 

— es 0 

XXX 

83 5 
-* CS — 

«JON\C 

cö vn M es 

0   c 

<<5 

Q 

CS  - I S3! >»OJ [OAC 

1   GO 00   1 

i ffi 8!: 5 ; S 3 S 
O   ON   C 

1-ON< 

s \o in ^ 

c 0 O c 0 0 c 0 0 e 0000 

.SB 5 
X  x > 

"4 cö s 

XXX xxx X   X   X  x 

SSRS» 

|     K, 8S< III; ill5 3§Sf 111! ssss 
•» es « e 

111! | S S 5 111! 
•» es es < 

l|8| 
•* es es ' 

s 0 0 c 
> 0 5 1 

s es es c 

005 ,l8§ 
i es es c 

00c 
5? S' 

1 es es c 

0 0 c 
O O c 

I es es c 

00c 

.SS! 
* es cs c 

S in S * 

U "a 
gä   s 

0 «•» 

CO CO 

n -« vn 

1SI* O CO CO < 

no«' 
1 H FS! 
2 fr! es e 

t 0 S5 c 
•j es es" r 

ÜOJ«« 2512; 
iSS! l es ?1 - 

3 co eo - 
< vn vo c 

i«cqi 

3 In 5 < ?ss; 
« S S 0 w 

—           "i 
-«* ON n 0 m 

S  CS  CS 

- CM CO 

— * 5? 
inn 

IB« 

*» fö CO 

J\ 0 0 *NN 

' S s :11s 
s cs 

332E Ill: ; es S j 
•) CO 5 - 

- cs •"*• e 

i § ^J l Sau • S r- eo ON 
, o^ -* es^ -? 

•J? •c 1   M M  M 3 

i 
0 m 

»1 3§5 sag n 0 10 HI sss III III |||i Ü§Si 111: a' 
iis! 
3 8S? 

9 o_ o_ e 

» in 0" u 

fgggo 
; 0 S S S 

03« 

IS 

i ft, o 
CM 

CxJ fO 

5 *v       • 
EH       ^ V) 

«       ^  « 
M       s" 
g      H «M 
a    00 

E^ vf\ 
It    "* 

Ps 
r-> Ott) 

P.H 
,Q 
cd 

^.        »EH 
el«a!   OJ 

>  I   ^     • 
JMClfO, 

• Jü 
na ^ a 
H0   ^   Eb 

MEH •st- ro 
«M CM 
gCQ   C> CM 

KH 3 H 
CQÖ  4» 
S —   "»"*    » 

<!<vi  M   Q. 

OD 
CM 

CO 

et) 
EH 

1 



1/ f 

r- 

Handbook of Supersonic Aerodynamics 
Page 3-115 
April 1, 1950 

DENSITY   RATIO  <r 

Pig. 3.52 ATMOSPHERIC MODEL III. VERTICAL DISTRIBUTION OF THE 
DENSITY RATIO (cr) FROM THE F2-LAYER UP TO 1000 MILES 
Latitude 0°. Engineering Units. Fig. 33 of Ref. 3.20, 
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Fig. 3.54 ATMOSPHERIC MODEL III. VERTICAL DISTRIBUTION OP THE 
DENSITY RATIO (cr) PROM THE F2-LAYER UP TO 1000 MILES 
Latitude 45°. Engineering Units. Pig. 35 of Ref. 3.20. 
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SECTION 4 - THE MECHANICS AMD THERMODYNAMICS 
OF STEADY ONE-DIMENSIONAL GAS FLOW 

SYMBOLS 

The following symbols are to be used with the paper entitled: 
"The Mechanics and Thermodynamics of Steady One-Dimensional Gas Flow 
with Tables for Numerical Solutions", by A. H. Shapiro, W. R. 
Hawthorne and G. M. Edelman, taken from Meteor Report No« 14, dated 
December 1, 1947. This material appears on pages 4.1 to 4.155, in- 
clusive, of the Handbook, 

cross-sectional area 

1 + 

B 

1 + (?••) 
-CD 

'1*1 

1 + k l4. 
c = speed of sound 

CD » drag coefficient of internal bodies, based on duct 
cross-sectional area 

c,, » specific heat at constant pressure 

CPg m T og - T 

og 
cPgdT 

^ 

D • hydraulic diameter 

f « friction coefficient of duct (T^/^PV2) 

F « Impulse function (pA + PAV2) 

dhr,-, - enthalpy change at temperature T due to change in 
chemical composition (positive for exothermic 
reaction), per unit mass of stream 

hfg » latent heat at temperature T, per unit mass of 
evaporating liquid 

dH » enthalpy effect due to combustion, phase change, and 
mixing, namely 

c 
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<3H « ah. pr "(fcfg 
^-V?. 

•) 

dw. 

— o    V2 I dW2 

k « ratio of specific heats (Cp/Cy) 

L «= length of duct 

I^aax s maximum length of duct for adiabatic, constant-area, 
constant-mass flow with friction 

M = Mach number 

p = static pressure 

p0 = isentropic stagnation pressure 

Q = heat transfer to stream from external sources, per 
unit mass of stream 

R » universal gas constant 

r » recovery factor (Figure 4.7 and Equation(4.30d) 

dS = total change in entropy of main plus injected streams, 
per unit mass of main stream 

s » entropy per unit mass 

T «= temperature (absolute) 

T« u stagnation temperature (absolute) 

« stagnation temperature of injected gas 

«= wall temperature (Figure 4.7) 

= adiabatic wall temperature (Figure 4.7) 

U = film coefficient of heat transfer 

V = stream velocity 

w = mass rate of flow of stream 

Log 

Lw 
lwa 

dw g 
mass rate of flow of injected gas 
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V  ! 

dwj, « mass rate of flow of evaporated gas 

dw =» dw„ + d^L 

W = molecular weight 

Wx = work delivered by stream to surroundings, per unit 
mass of stream 

x = distance along duct 

X s drag force on bodies in stream, or component of 
body force acting on stream in direction opposite 
to flow 

y_ = Vg/V, where Vg is forward component of velocity with 
which dwg enters stream (see Figure 4.1) 

y. = V|/V where V^ is forward component of velocity with 
which dw^ enters stream 

y - (ygdwg + yLdwL)/(dwg + dwL) 

P * mass density of stream 

a-  » half-angle of divergence of duct 
/j'w * shearing stress on walls of duct 

()* * refers to conditions where M « 1 

() » refers to injected gas 

O^ = refers to injected fluid which changes phase 

()j B refers to section 1 

()2 = refers to section 2 

()» « refers to conditions relative to observer moving with 
unburned gas 

Ox * refers to conditions upstream of the shock 

()v - refers to conditions downstream of the shock 
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SECTION 4 - THE MECHANICS AND THERMODYNAMICS 
OF STEADY ONE-DIMENSIONAL GAS FLOW 

The material appearing on pages 4.1-4.58, inclusive, is a 
verbatim reproduction of the original paper entitled: "The 
Mechanics and Thermodynamics of Steady, One-Dimensional Gas Flow", 
by A. H. Shapiro and W. R. Hawthorne, published in the Journal of 
Applied Mechanics, Vol. 14, No. 4, pp, A-317 to A-336, December, 
1947. Permission for reproducing same in the Handbook has been 
granted by the authors. 

The tables appearing on pages 4.59-4.155, inclusive, are 
taken from Meteor Report No. 14, "The Mechanics and Thermodynam- 
ics of Steady One-Dimensional Gas Flow with Tables for Numerical 
Solutions", by A. H. Shapiro, W. R. Hawthorne, and G. M. Edelman, 
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1.  Preliminary Statement 

Recent developments in the fields of propulsion, flow machin- 
ery, and high-speed flight have emphasized the need for an im- 
proved understanding of the characteristics of compressible flow. 
A one-dimensional analysis for flow without shocks is presented 
which takes into account the simultaneous effects of area change, 
wall friction, drag of internal bodies, external heat exchange, 
chemical reaction, change of phase, injection of gases, and 
changes in molecular weight and specific heat. The method of se- 
lecting independent and dependent variables, and the organization 
of the working equations, leads, it is believed, to a better under- 
standing of the influence of the foregoing effects, and also simpli- 
fies greatly the analytical treatment of particular problems. Ex- 
amples are given first of several types of flow, including (a) area 
change only; (b) heat transfer only; (c) wall friction only; and 
(d) gas Injection only. In addition, examples of flow with com- 
bined effects are given, including (a) simultaneous friction and 
area change; (b) simultaneous friction and heat transfer; and (c) 
simultaneous liquid injection and evaporation. A one-dimensional 
analysis for flow through a discontinuity is presented, allowing 
for energy, shock, drag, and gas-injection effects, and for changes 
in gas properties. This analysis is applicable to such processes 
ass (a) the adiabatic normal shock; (b) combustion; (c) moisture 
condensation shocks; and (d) steady explosion waves. 

2.  Introduction 
a. Statement of problem 
The flow of compressible fluids has become a phenomenon 

•f'Tfi-y- -ll-h ii 11 i'i*^- ^# 
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of increasing interest to engineers. Aeronautical engineers have 
long been interested in the flow of air around wings and fuse- 
lages, steam-turbine engineers have been interested in the flow 
through nozzles, ducts, and buckets. In both these instances the 
problems are simplified by the assumption of constant stagnation 
enthalpy with no chemical changes or mixing of injected gases. 

Recently, particularly as a result of developments in 
propulsion, such as the rocket, the ram jet, and the gas turbine9 
flew with chemical changes, mixing, and heat addition has become 
more important. The flow of gases through combustion chambers of 
high output occurs in all ram-jet and gas-turbine combustion cham- 
bers. The aircraft radiator and the nuclear pile.are examples in 
which heat is added to a gas moving at high speed. The rocket 
nozzle offers an example of flow with chemical change; the in- 
jector and ejector of mixing and perhaps phase change5 the moving 
flame front and detonation wave of sudden chemical change accom- 
panied by change in density; the moisture condensation shock and 
the evaporation of liquid sprays are phenomena in which,there is 
a change in stagnation temperature and mass flow of gas. 

From this survey it is clear that we must have means for 
predicting the simultaneous influence of many different effects on 
the properties of a high-speed stream. These effects include the 
following: (1) Area change; (2) Wall friction; (3) Drag of internal 
bodies; (4) External heat exchange; (5) Combustion, or chemical 
reaction; (6) Change of phase, e.g., evaporation or condensation of 
water or fuel; (7) Mixing of gases which are injected into the main 
stream; (8) Changes in molecular weight and specific heat occasion- 
ed by combustion, evaporation, gas injection, et cetera. 

Because of the complicated nature of the problem, it will 
be assumed that the flow is one-dimensional, i.e., that all prop- 
erties are uniform over each cross section. 

b.  Historical background 

The history of one-dimensional gas dynamics appears to 
have started with the discovery in 1839 hy St. Venant that isen- 
tropic acceleration of a gas stream could not be accomplished 
indefinitely through reduction in the channel area, and that, after 
the stream velocity reached the local sound velocity,.higher speeds 
could be attained only by increasing the channel area. In the 
latter half of the 19th century this idea was put to use by deLaval 
in designing the nozzles for his impulse turbine. 

Grashof (Ref. 4.1), Zeuner (Ref. 4.2), Stodola (Ref. 
4.3), and Hawthorne (Ref. 4.I7), investigated the effect of fric- 
tion on compressible flow at constant area. 

The first published works concerning the effects of 
heating (or cooling) at constant area and without friction were 

1 

-y 
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f those of Hawthorne and Cohen (Ref. 4.18), Bailey (Ref. 4.4), 
Sczceniowski (Ref. 4.5), and Hicks (Ref. A.15). 

Chambre and Lin (Ref. 4.6) presented equations showing 
the combined effects of heating, combustion, area change, and 
changes in molecular weight and specific heat„ 

A steady flow in ducts with friction and heat addition 
was studied by Hicks, Montgomery, and Wasserman (Ref. 4.16). 

c. Validity of one-dimensional approach 

The assumption of one-dimensional flow is justified 
largely by the great simplifications it makes possible. In addi- 
tion, there are many important problems where the one-dimensional 
treatment introduces no significant errors, 
fied as follows: 

These may be classl- 

When changes in/stream properties in the direction 
of flow are much larger than in the direction normal to flow. 

When changes in properties in the direction normal 
to flow are the same in all planes, that is, the velocity, tem- 
perature, and density profiles are unchanged. 

In those cases where two- or three-dimensional effects 
are of prime importance, the one-dimensional point of view often 
supplies important qualitative results. 

An additional assumption is inherent in the one-dimen- 
sional analysis, namely, that the effect of turbulence on the 
computation of the mean properties is small. 

3. Analysis of Flow with Continuous Changes, for Variable 
Molecular Weight and Specific Heat 

a. Assumptions 

The following assumptions are made: 

The flow is one-dimensional. 
Changes in stream properties are continuous0 
The gas is semiperfect, ±0e., it obeys Boyle's 
and Charles' laws, and has a specific heat which 
varies only with temperature and composition. 

b. Physical equations and definitions 

It will be found convenient to express the physical 
equations and definitions in logarithmic differential form. 

+ There appear to be a number of algebraic errors in the 
equations of Chambre and Lin. 
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v/t 

The pressure-density-temperature relation, for example, 
is written 

or 

p « PRT/ff (4.1) 

loge P - loge P + loge R + l°ge T - logeW 

and 

dp  dP , dT  dW 
p   p   T   W 

(4.2) 

From the definition of Mach number and the expression 
for the sound velocity in a semiperfect gas, we get 

and 

c2 « kRT/W 

M2 - V2/c2 - V^/kRT 

(4.3a) 

(4.3b) 

)   A 
dWg (C) 

A +dA 

p + dp       v, 
T +dT 

w + dwg+ dw<     djs/dw* 

/o +dp 
v +dv 
M +dM 

(a)      (b)'^^WL 
Fig.  4.1    CONTROL SURFACE FOR ANALYSIS  OF CONTINUOUS CHANGES 

(a, b, o show different methods of gas and liquid injeotion. 

In Fig. a, V1     is the forward component of V.) g & 

1 

3 
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J 

( 

("> 

dw\ 
" V? / 

Se.lfÄ+M.SELl (4.4a) 
c       2 \k        t 

and 

dM2 ^     §3     £ . 
M2 *    V2     W k        T 

Using the equation of continuity, we obtain for the 
control surface of Figure 4.1 

w =*PAV (4.5) 

or 
dw  dP . dA . dV ,. s\ 
T M T + X + T" U'6) 

In this expression dw denotes the total increase of mass 
flow in the main stream and includes both injected gas and evapo- 
rated gas, i.e., dw = dwr + dwg. If vapor is condensed, note that 
dw^ is negative. It is important to note also that dA refers to 
the change in cross-sectional area occupied by the main stream, 
and does not include the cross-sectional area of the injected 
streams before mixing. It is assumed that the injected streams 
are perfectly mixed and diffused throughout the main stream at 
the downstream boundary of the control surface. 

In Appendix 4.1 it is shown that the energy equation, 
Equation (4.66a), may be written as follows: 

dQ - dWx + dH « CpdT + d(V
2/2) 

whence 

dQ - dWx + dH  dT  k - 1   dV
2 

  •.=-— + —-— Md  —p (4.7) 
cpT       T     2      V

2 

where dH denotes the net enthalpy and kinetic-energy change 
associated with chemical reaction, phase change, and mixing of 
injected gas, and is given by 

dH 
V2 cpg<T ~ Tog) + 2" w 

(4.8) 

*Itrtt-r T,'* '1J'-/*B.W"IMi  7M» 
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The momentum equation, according to the derivation in 
Appendix 4.2, may be written 

J 

dp  kM2 

P + 2 
dX ^ kM2 dV2 SU + kM2(l . y) dw w 

(4.9) 

Next,a quantity is defined which will be called the im- 
pulse function, The change in this function represents the total 
force exerted by the solid boundaries on the stream. It is use- 
ful for evaluating the thrust of propulsion systems. Thus 

F = pA + PAV2 = pA(l + kM2) (4.10) 

or 

dP 
P 

kM2  dM2 dA  dp 
A   p   1 + kM2 

kMc 

M2  1 + kM2 
dk 
k 

(4.11) 

Application of the second law of thermodynamics is 
simplified through use of the entropy. For a semiperfect gas, we 
get (for the case of unchanged chemical composition only) in the 
case of the main stream 

ds dT 
T 

k - 1 dp 
k  p (4.12a) 

•'7* 

Considering the total entropy change of the main stream 
plus injected gas and liquid, it may be shown that 

dS 
c„ 

ds , * dw» , dwT — + (s - sK) —A + (s - ST) JU: cp       6  w        
LJ    w (4.12b) 

^ 

Working equations and table of influence 
coefficients 

Among the seven relations given by Equations (4.2), 
(4.4), (4.6), (4.7), (4.9)j (4.11) and (4.12), we find thirteen 
variables. Consequently, six variables may be chosen as indepen- 
dent and seven as dependent. For the independent variables we 
select those whose values are most easily controlled in a practi- 
cal problem, and each of the dependent variables is then expressed 
in terms of the independent ones. For example, after algebraic 
combination and manipulation, we get 

O 
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^2    2 (l 4- *-~l M2) 

M2 

m* 
(- 

1 - M2 

dA  1 + kM2 dQ - dWx + dH 

7" + 1 -M2   °~V 

«iV-l- T 

1 - M2 

ä2) (l 

MJ>  dx    dX 
D   ikpAM' 

k - 1 M21 
/ 

- M2 
aw 
w 

_ dw 
2 " 2?  w" 

vw2 ^w 

1 - M* W 
dk 
K" 

(4.13) 
The coefficients of the independent variables are called 

"influence" coefficients and prove to be functions of k and M only. 
In Table 4.1 is a complete list of influence coefficients. 

d. General characteristics of flow patterns 

Leaving for subsequent discussion the application of 
Table 4.1 to specific problems the following general conclusions 
may be reached by inspecting the forms of the influence coeffi- 
cients: 

The influence coefficients for M, V, T, P, and p have, 
with the exception of those pertaining to dk/k, the term (1 - M2) 
in the denominator. Thus the values of M, V, T, P, and p change 
at an infinite rate near M • 1. Moreover, the signs of the influ- 
ence coefficients change at M * 1, thus indicating that the effects 
of the independent variables (excluding dk/k) are of opposite sign 
in subsonic and supersonic flow (except for the effect of heating 
on T, where the influence coefficient changes sign at M - 1/Vk > 
as well as at M = l). 

Because of the change in sign of the influence coeffi- 
cients at M = 1, it is evident that some sort of readjustment in 
the flow may sometimes be necessary if the independent variables 
are continuously altered in one direction. This readjustment may 
be in the form of choking or of shock waves. 

The flow in a convergent nozzle is a familiar example 
of choking. The following interpretation of this phenomenon may 
clarify the concepts of thermal and frictional choking to be dis- 
cussed later. 

Observe from Equation (4.13) that for area change alone 
near M « 1, we may write approximately 

•mp^ 
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•2 -  (k + 1) M2 dA 
1 - M2   A 

Now imagine that following the section where M » 1, a section 
of decreasing area is added on, i.e., dA < 0. If we suppose the 
mass flow unchanged by this addition, the sign of the approxi- 
mate expression just given shows that there can be no change of 
Mach number corresponding to the area reduction; for if M were to 
become subsonic, it would immediately tend toward unity; and if 
M were to become supersonic, it would again tend immediately 
toward unity. Thus the supposition of unchanged mass flow leads 
to the absurdity of an unlimited decrease in area with no change 
in Mach number. It is observed experimentally that this diffi- 
culty is resolved by a reduction in mass flow proportional to the 
reduction in throat area. Similar considerations applied to the 
remaining terms-of Equation (4.13) show that choking effects may 
be attendant on heat effects, frictional effects, mixing, and 
chemical change. 

The individual influence of each independent variable 
is readily found from Table 4.1. 

For example, an increase in area tends to reduce 
subsonic flow and to increase it in supersonic flow. 

in 

; >/v 

Heating or combustion tends to increase M at subsonic 
speeds, and to decrease M at supersonic speeds. 

The effect of friction, or drag of internal bodies, 
acts to increase M at subsonic speeds, and to decrease M at super- 
sonic speeds. Note that the friction term, fdx, and internal- 
drag term, dX, are always positive, while the other independent 
variables may be either positive or negative. 

An increase in mass flow (with y < 1 for the added 
flow) tends to increase H at subsonic speeds and to decrease M at 
supersonic speeds. 

When the molecular weight is increased, the Mach number 
tends to drop for subsonic flow and to rise for supersonic flow. 

Finally, an increase in the isentropic exponent k 
always tends to reduce M, for either subsonic or supersonic 
speeds. 

Considering the simple case where there is no combus- 
tion, no Wx, and no gas injection, we find from Table 4.-1 that 

ds d£ 
T + Ci *irf ..to, 4f — + 

D 
dX 

ikpAM* 

»ip-y 
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The second law formulation of Clausius (Ref. 4,8) is 

from which it follows that both fdx and dX are always positive, 
i.e., negative friction or negative drag would constitute viola- 
tions of the second law of thermodynamics. 

Considering the case when there is no chemical change.no 
friction, no drag, no Wx, and no liquid injection, we find from 
Equation (4.12b) 

dS = d(3 * gg + cp(k - 1) M2(i - y) *L + (a - s ) ^ 
T      y w        g w 

As in the preceding paragraph the second law of thermodynamics 
requires that 

dS - 22. >o 

i       i *   ! r- 

Examination of this requirement for gas injection shows that it 
is satisfied under all conditions. 

For gas withdrawal, if the foregoing equation for dS is 
valid, then the second law requirement can only be satisfied if 
the withdrawn gas crosses the boundary of the control surface 
with exactly the same properties and direction of motion as the 
main stream. In other words, the withdrawal must not include an 
unmixing process, and, in addition, y must be unity. Obviously, 
gas may be withdrawn at other values of y, but in these instances 
the gas will cross the boundary at other than the control-surface 
pressure, and the equation for dS will have to be modified to 
take into account the added term discussed in the footnote to 
Equation (4.67), Appendix 4.2. 

From this discussion it is to be noted that for gas with- 
drawal the influence coefficients in Tables 4.1 and 4.2 are ap- 
plicable only for the condition y «= 1. 

4. Analysis of Flow with Continuous Changes, for Constant 
Molecular Weight and Specific Heat" 

There are many problems where the changes in molecular weight 
and specific heat may be ignored, and the computations consider- 
ably simplified thereby. 

a. Assumptions 

1 

t 

i 
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V   ' 

The assumptions are the same as in the preceding section, 
except that dW • dcp = dk * 0. 

b. Physical equations and definitions 

In addition to the equations of the preceding section, 
which of course remain valid, we define two quantities which are 
found to be convenient. 

The stagnation temperature (sometimes called total tem- 
perature) is the temperature which the stream would assume if it 
were brought to rest adiabatically. It is given by the expression 

T0 = T + 2cp    V •-) 

or 

dT o 
To 

dT ä^lM2 

1 + k - 1 „2 ~~ö  M 

dM2 

«2 

(4.14) 

(4.15) 

This equation is used in place of Equation (4.7) > and 
heat effects are then measured in terms of changes in the» stagna- 
tion temperature, according to the energy equation 

dQ - dWx + dH «I c dT + d cpdT0 (4.16) 

r- 

Another important variable, particularly for internal- 
flow problems, is the isentropic stagnation pressure (sometimes 
called total pressure), which is defined as the pressure that the 
stream would assume if it were brought to rest isentropically. It 
is related to the local static pressure and Mach number through 
the formula 

or 

k 

„..»(i**;1*)"* 

M£       ^„2 
dp0      dp                  2            «^ 

Po "  p       ! + k_T_l M2   M2 

883275 O - 50 - 16 

(4.17) 

(4.18) 

wiriu i, TI t iN.',ifajwBMS 
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The change of entropy, in terms of T0 and po9 is then 

ds  dTc 

op"* "5" 
k - 1 dpQ 
k  Po 

Co Working..equations and table of influence 
coefficients 

As in the preceding section, the equations are put into 
canonical- form. The Influence coefficients are given in Table 
4.2. 

The most important working equation is 

ad.   2 0- * 14JlM2) dA 
M2 *  " 1 - M2 A 

(1 + kM2)  (l + £-5-1 M2) dTf 

1 - M2 

kM2  (l + k-~i M2) 

1 - M2 (4f T 
dX 

+ T w - 2y 
ikpAM* 

2(1 + kM2)   (l + JLjJ: M2)     dw 

1 - M2 w 

dw^ 

1 

t 

(4.19) 

3 
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d. General characteristics of flow patterns 

In addition to the general conclusions of the preceding 
section, certain important results relating to the stagnation 
pressure may be observed, as follows: 

Changes in area have no effect on stagnation pres- 
sure. 

An increase in stagnation temperature always tends 
toward a reduction in pOJ be the speed subsonic or supersonic» 
Thus the stagnation-pressure loss in combustion chambers can never 
be entirely eliminated» 

Friction and drag always act to reduce p0, for 
both subsonic and supersonic flow. 

Gas Injection tends to decrease p0 if y < 1, i.e., 
if the gas is injected with a forward velocity less than that of 
the main stream? while the stagnation pressure tends to be in- 
creased when gas is injected with a forward velocity greater than 
that of the main "stream. 

?• Applications and Examples 

a. General method of solution 

If, in any particular case, the values of the indepen- 
dent variables in Table 4.1 are known, then, for any given set of 
initial conditions (M^, p^, T^, etc.), the conditions at all 
other sections of the channel may be found through analytical or 
numerical integration of Equation (4.13) and equations similar to 
(A.13) for dp, dT, etc. In fact, Equation (4.13) alone suffices, 
for, if the values of M and of each independent variable are 
known the values of p, T, etc,, may be found from integral rela- 
tions given in the following. 

b. Variable specific heat and molecular weight 

For the case of variable specific heat and molecular 
weight, the Integral relations are obtained from Equations (4.1), 
(A«3)» (4,5), and (4.7), and may be summarized as follows"*": 

+It is assumed that for a small interval of temperature we may 
write:      T2       /CTI1 + 0jg> 

*1 

Cr,O.T 
(gpl + cp2\ (T2 - Tx). 
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Q - Wx + A H = cp2T2 (l + ^~^ M|) 

- Cp^! (1 + 
(> 

*1. - 1 „2 M|)- 

Page 4.1^ 

(cp2 - cpl ) hJLlZ.        (4ö20) 

P2 

Pi 

W2A1M1   pj   piwx 

wl A2 M2 V Tl V *2W2 
(4.21) 

V2  M2  /k2 T2 
wl 

^1 = %"V?^L*2 
(4.22) 

pl = wl A2 V2 " Pi T2 Wl 
(4.23) 

^ 

Suppose that in a particular problem, the values of 
M-j_, Pl» ^1> Al> e*c»j are known at a section 1, and that the 
values of A2, (Q - Wx tAH^, x2 - xl9 w2, W2, k2, etc., are 
known for a section 2, a small distance downstream of section 1. 
Then, from Equation (4.13), the value of M2 is found through 
numerical integration, using the method of isoclines. Next, 
Equation (4.20) is solved for T2, Equation (4.21) for p2, and 

-Equations (4.22) and (4.23) for V2 and P2, respectively. The 
procedure is then repeated for a step between section 2 and sec- 
tion 3» and so on. 

c.  Constant specific heat and molecular weight 

For the case of constant specific heat, we obtain in 
addition to Equations (4.22) and (4.23), the following integral 
relations: 

Q - Wx + AH « Cp(To2 - Tol) (4.24.) 

•^Doni 
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k - 1 „2 
P2  w2 Ax %  1 -t- —— Ml   To2 
Pi = *1 A2 ^2\ 1  + k^l M| ^ Tol 

(4.25) 

*2 T02 
T0l 

1 + 2 % 

Tl 1 + k 
2 

1 
M| 

(4.26) 

These formulas are used in the same way as Equations (4.20) and 
(4.21). 

d»  Approximate solution near M « 1 

Many of the influence coefficients approach infinity near 
M « 1, thus complicating the numerical integration. It is usually 
possible, however, to integrate Equations (4.13) or (4.19) analyti- 
cally, with some degree of approximation, between a section where 
M is nearly unity and a section where M is exactly unity. For 
example, considering only the second term of Equation (4.19). 

3^j£ «a . (1 + M.2) (l + !£-=J: B2) S£ 

s a • * (1 • Hi) % 
~ (k + i)2 dT 

5      T 

Integrating approximately between 
T0 - TQ> we Se* 

M, T0 » ToJ and M - 1, 

(1 - M2)2 » (k + l)2 ffi" T°) 

Specific illustrations of both analytical and numerical 
procedures are given in the examples which follow. 

e. Simple types of flow 

1 
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A simple type of flow is defined here as one in which all 
but one of the independent differentials in Table 4.2 are zero. 
Thus simple area change refers to a process in which the area 
changes without frictional, stagnation-temperature, or gas-in- 
jection effects. Similarly, simple T0 - change refers to a pro- 
cess in which the stagnation-temperature changes (due to external 
heat exchange or to combustion) without area change, friction, or 
gas injection. 

Analytical relations may easily be obtained for the sev- 
eral simple types of flow. For example, consider a simple area 
change. Using the first influence coefficient in Table 4.2 we ob- 
tain 

/ M . . r       (1 - jg) dM2 

{*    A = "^ 2M2 (i + SLg-1,,2) 

or 

A 
T* 2(x 4-   k    "   1 M2) 

k + 1 

k+1 
k-1 

(4.2?) 

The integration is carried out between the sections where M «= 1, 
A * A and M = M, A = A. The asterisk then indicates the critical 
value of A, or the value where the Mach number is unity. Equation 
(4.27) is the well-known formula giving the ratio of local area to 
throat area as a function of the local Mach number for an isen- 
tropic process. 

Referring again to simple area change, we obtain from the 
first column of Table 4.2 

dV/V    _    (dV/V)/(cLA/A)    m  1 
dM^/M* *  (aiPVtfOAdA/A) * 2 (l + £~sli M2) 

Upon integration between M = 1, V = V* and M = M-5 V = V, 
we get 

V 
(4.28) 
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where V* is the velocity where M = 1. This same equation 
J 

UJ 
a: 

Cd 
Lü 
D_ 

Lü 

-.J°d_!-I0i3  

FANNO« 

M> 

RAYLEIGH- 

^HEATING 
MXV/FRICTION 

^COOLING 

<^-pd = const 

ENTROPY 

Fig. 4.2 

vT> 

TEMPERATURE-ENTROPY' DIAGRAM. 
(Curves of simple area change, simple 
friction, and simple T0- change) 

might have "been obtained from the integral relations of Equa- 
tions (4.25), (4.26), (4.22), (4023). 

By continuing this procedure, we obtain not only a set of 
equations for the case of simple area change, but also a similar 
set for the other types of simple flow. These formulas are sum- 
marized in Table 4.3. Note that the case of simple gas injection 
with y « 1 is essentially identical with the case of isentropic 
area change; that this must be so is evident if we consider that 
this type of gas injection is reversible, involves no change in 
stagnation temperature, and has as its principal effect an altera- 
tion in the mass flow per unit area» 

Fig. 4.2 shows on a temperature-entropy diagram the 
courses of states, beginning with state d, corresponding to simple 
area change, simple T0-change, and simple friction, respectively. 

The isentropic through d represents simple area change.In 
going from d to c the area is decreased and M approacnes 1. At 
c the Mach number is unity. Point a represents the isentropic 
stagnation condition for all points on the line ad0 

) 
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The Fanno line represents the possible series of states 
having a constant flow per unit area and a constant stagnation tem- 
pera tiu?e. Two Fanno lines are shown, both having the same stagna- 
tion temperature, but with the line passing through c having a 
larger flow per unit area than the one passing through f. Fric- 
tional and drag effects alone are accountable for motion along the 
Fanno line, and, since we are dealing with an adiabatlc process, 
the entropy can only increase5 consequently, the motion along the 
Fanno line must be to the right. At point f there exists a con- 
dition where the stream may undergo a slight pressure change with- 
out heat exchange, change in area, or change in entropy; these 
will be recognized as the conditions under which an infinitesimal 
sound wave is propagated, so that at f the Mach number is unity. 
This is also evident by noting that the slope of the tangent to 
the Fanno line is 

dh 
ds 

dT 
JP ds" 

From the appropriate column of Table 4.2 

(°>D kM* 

Fanno - M2 

which becomes infinitely large when M *= 1. Above f the flow is 
subsonic, while below f the flow is supersonic. Thus for simple 
friction, a subsonic stream can approach M • 1, but can never be- 
come supersonic. Similarly, a supersonic stream can never become 
subsonic through continuous changes. 

The Rayleigh line shows the series of possible states hav- 
ing a constant impulse F, and a constant flow per unit area. Motion 
along the Rayleigh line is caused by changes in the stagnation 
temperature. The slope of the Rayleigh line, cpdT/ds, is found to 
be, from Table 4.2 

M) 1 - kM* 

Rayleigh - M2 

T 

At point h, where the slope is infinite, M « 1. At point g, where 
the slope is zero, M - 1/yF. Note that at point h, as at point f, 
there exist the conditions for the sound velocity, namely, an in- 
finitesimal pressure change without variation of the area, entropy, 
and stagnation temperature. The upper branch of the Rayleigh line 
corresponds to subsonic speeds, and the lower branch to supersonic 
speeds. Increases in stagnation temperature must, from the energy 
equation, produce increases in entropy, and vice versa. Note that 

-•**/ 

i-\tr j<n.- 
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^.        in going from g to h, heating results in a drop in stream tempera- 
ture. Neither heating alone nor cooling alone can continuously 
alter the flow from subsonic to supersonic speeds, or the reverse. 
In the case of heating, M always approaches unitye 

The Fanno and Rayleigh lines for the same flow per unit 
area intersect at two points, d and e. Point e has the same stag- 
nation temperature, same flow per unit area, and same impulse as 
point d and, therefore, may be reached from d through a normal 
shock. Since point e may be reached reversibly from d along the 
Rayleigh line, and since the net area under the Rayleigh curve in 
passing from d to e must be zero, it follows that e has a greater 
entropy than d. Consequently, the discontinuity from subsonic to 
supersonic speeds is not physically possible without violating the 
second law of thermodynamics. 

In interpreting the formulas of Table 4.3 and the charts 
r- of Figures 4.3(a), 4.4(a), 4.5(a), and 4.6, it must be remembered 
( i        that the conditions where M » 1 (asterisk conditions) are differ- 

ent for the several types of flow. For example, referring to 
Figure 4.2. points c, f, and h represent, respectively, the aster- 
isk conditions for simple area change, simple friction, and simple 
T0-change. The quantities marked with asterisks are best regarded 
as reference values which remain constant in any one type of 
simple flow. 

Figures 4.3» 4.4, 4.5 and 4.6 are representations of the 
formulas of Table 4.3 which will be found useful for both numeri- 
cal and illustrative purposes. 

f.  Simple area change 

Figure 4.3(a) shows the curves of A/A*, p/p*, V/V*, etc., 
all against M. The important curve on this chart is that of A/A*, 

r- In using the chart, we begin with certain initial values 
(^ )        of Mi, pi, Ti, etc., and a known area ratio. For the known value 

\/-     ~ of Mi. we find the corresponding values from the chart of (A/A*)i, 
(p/P*)l? (T/T*)l9 etc. Then using the known area ratio., (A2 /A^), 
we set 

Ag  (A/A*)2 
Aj" (A/A*)! 

and solve for the value of (A /A )2. From the chart we then find 
the corresponding value of K2, and from the latter, the values of 
(p/p )2s (T/T*)2, etc. Finally, we solve for p2, T2, etc., with 
the equations 

O 
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P2  (P/P*)2 
T2  (gA*>2 

PX 
= (p/p*)^ Tx  (T/T*)1 

5 etc. 

vA 

In Figure 4.3(b), are illustrative curves showing the 
way in which, for a fixed value of A2/A1, the value of M2 depends 
on M]_. Since for each initial M^ and each A2/Ai, there are two 
possible values of M2 to be found from Figure 4.3(a), a distinc- 
tion is made in Figure 4.3(b) between those values of M2 which are 
reached through a monotonic change of area and those which are 
reached through a throat. 

g.  Simple T0-change 

Figure 4.4(a) which applies to simple TQ-change, is 
interpreted in the same way as Figure 4.3(a), and is useful for 
approximate calculations in such processes as combustion, where 
the effects of stagnation-temperature change far outweigh those of 
area change, friction, and changes in specific heat or molecular 
weight. 

The important curve in Figure 4.4(a) is the one labelled 
To/^o« If ^he  stagnation temperature is increased, perhaps 
through radiation or exothermic chemical reaction, the Mach number 
is increased when M < 1 and is decreased when M > 1. Thus in- 
creasing the stagnation temperature always tends to make 15 ap- 
proach unity, as was seen from Figure 4.2. 

From the change in T0, one may find from Figure 4.3(a), 
the change in M; and, from the latter, the changes in p, T, V, etc. 
The direction of the changes in p, T, V, etc., will of course 
check with the signs of the influence coefficients in the second 
column of Table 4.2. It is clearly evident from Figure 4.4(a) 
that, in simple T0-change, the stagnation pressure can be in- 
creased only by reducing the stagnation temperature. Later it 
will be shown how this characteristic might be employed for the 
pumping of a highspeed stream. 

) 

The value of T/T* reaches a maximum at II « 1 
this maximum corresponds to point g in Figure 4.2. 

•/Vk> and 

For fixed initial values of M and T0, Figure 4.4(a) 
shows, as did Figure 4.2, that there is a maximum possible rise 
in stagnation temperature. What will happen if one attempts to 
increase the rise in T0 above this limiting value? It has been 
suggested, Ref. 4.5» for ^he case where. T0 is increased by heat- 
ing the stream with heat-exchange surface, that the surface co- 
efficient of heat transfer approaches zero as M approaches unity. 

~) 
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c» MACH  NUMBER 
(a) (&) 

c 

Fig.  4.3     SIMPLE AREA CHANGE,   k = 1.4 
(a, generalized chart; numbers at upper and right-hand 
edges indicate values inhere M - 0 and M »OO t respectively. 
Chart b shows Mg versus Mj^ for constant values of Ag/A-,.) 

MACH  NUMBER 

Fig.  4.4    SIMPLE TQ-CHANGE,   ksl.4 
(a, generalized chart; numbers at upper and right-hand 
edges indicate values where M » 0 and M »ÖO , respectively. 
Chart b shows Mg versus 11^ for constant values of T02/Tol-) 
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For the case where T0 is increased by combustion, it has been 
further suggested, Ref. 4.6, that the flame would go out if the 
amount of fuel burned produces more than the limiting increase 
in T0. Both these conclusions, while appearing to fit Figure 
4..4(a), are physically implausible, because the mechanisms of 
heat transfer and of combustion are in nowise connected with the 
phenomena under discussion here. An alternative explanation is 
that the flow is choked when T0 is increased above its limiting 
value, i.e., the flow rate is reduced and, consequently, the 
initial value of M is diminished until the specified increase in 
T0 yields at the exit a stream which is exactly sonic.+ This des- 
cription of the state of affairs is not only more plausible physi- 
cally, but it is in accord with experience. The significance of 
this, together with an example of the use of Figure 4.4(a), is 
best given as follows: 

Let us suppose that a ram-jet combustion chamber of uni- 
form cross-sectional area is at first operating cold with an air 
velocity of about 500 fps, corresponding to M~0.5, and with T0= 
500 R. Suppose also that it is desired to burn enough fuel to raise 
the stagnation temperature to 2000 R, corresponding to a four- 
fold increase in T0. From Figure 4.4(a), however, we see that, 

J 

~^ 

with an initial M of 0.5, the value of T0 (or of T0/TQ) may be in- 
creased by only about 45 per cent. Thus when combustion begins, 
the flow is choked until the leaving M is unity. We therefore set 
M2 = 1» and write 

(T0/To*)2/(T0/T0*)1 = T02/T0I = 4 

Since (T0/T0*)2 • 1, it follows that (TQ/TO*^ « 0.25, and, from 
Figure 4.4(a), Mj = 0.246, so that the maximum air speed at inlet 
is about 250 fps. Also, from Figure 4.4(a), (P0/P0 ^ = 1.219 and 

Po2/Pol " (P0
/Po*)2/(P0

/po*)l " V1»21?  = °*82« Similarly, 
P2/P1 s °«45*> V7!^ ?l/p2 * 7.5; and T2/*i = 3.4. 

These results are of practical interest, as the stagna- 
tion temperatures just given are in the range of interest for air- 
craft propulsion and for gas turbines. We see that the entering 
air velocity is limited to about 250 fps, so that this represents 
an additional restriction on the capacity of high-output combus- 
tors.  .  
+It is assumed that the back pressure (the pressure in the exhaust 
space into which the duct discharges) is kept so low that it has 
no effect on flow rate, i.e., a decrease, or a limited increase, 
of back pressure does not make its effect felt on the flow in the 
duct« 

3 
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Also, with this speed, a loss in stagnation pressure of at least 
18 per cent is inevitable if the combustor is of constant cross- 
sectional area. 

From Figure 4.4(a) we see that for each value of T0/T0* 
there are two values of Ik?. These correspond to the Mach numbers 
fore and aft of a normal shock, since the conditions for the shock 
include only constancy of area, of stagnation temperature, and of 
impulse. 

If M^ :>lj both values of M2 corresponding to a given 
value of T02/T0i 

are real5 one value of M2 is reached without a 
shock and one is reached by a combination of a normal shock and 
either heat exchange or chemical,reaction. If M-j_< 1 only one of 
the two values of M2 found in Figure 4.4(a) for a prescribed 
T02/T0i is real5 the value of M2 which is greater than unity then 
corresponds to a negative shock, and involves a violation of the 
second law of thermodynamics. 

These ideas, are illustrated in Figure 4.4(b) where there 
are plotted illustrative curves (derived entirely from Figure 4.4(a) 
of M2 versus M^ for fixed values of T02/Tol. The several portions 
of each curve are labeled as to whether they represent flow without 
shocks? flow with real shocks, or flow with imaginary (negative) 
shocks. One of the curves for T02/

T
01 

= •"• is for the trivial case 
where the stream undergoes no change, and the other gives the solu- 
tion of the normal-shock equations» 

h.  Simple friction 

Figure 4.5(a) Is interpreted in the same.way as Figure 
4.3(a), except for the curve of 4fIma3!:/D. On this curve Lmax is 

the length of duct between the point where M = M and the point where 
M« 1 (it has been previously shown that the sonic velocity repres- 
ents the limiting condition). The final M£ corresponding to a given 
M^ and given L/D is found with the help of the relation 

4f 
1 " <4fW/D)2 ** <4fLmax/D>l 

In using Figure 4.5(a) it must be remembered that when 
M < 1, the value of M can only increase; while for M > 1, the value 
of M can only decrease. 

For each initial Mach number, there is a maximum length- 
diameter ratio of"duct which may be used. This is often a serious 
restriction as indicated by the following table, based on f = 0.0025s 

O 
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M     0 0.25 0.5 0.75 1 1.5  2  3 «> 
Ljnax/D 00  8 50 110   12 0  14 31 52 82 

At high Mach number the wall friction is very costly with respect 
to stagnation-pressure loss. For example, with Mh = 3.0 and f « 
0.0025, the Mach number is reduced to 2.0 in 21 diameters of duct, 
and at the same time the stagnation pressure is reduced by 60 per 
cento 

Choking may be caused by simple friction, just as it may 
by simple area change or simple TQ-change. If, with a given sub- 
sonic Mi and a given inlet pressure, the duct is so long that 
Mp » 1, any further increase in duct length will cause a reduction 
in mass flow. The amount of adjustment in flow rate will be such 
that the value of 4fLmax/D corresponding to the new Mi will cor- 
respond exactly to the adjusted length of duct, or, in other words, 
the leaving velocity will be exactly sonic« 

When the initial Mi is greater than unity, an increase 
in the duct length over and above the value corresponding to 
(4fLmfl1c/D)-, will not at first produce choking. Instead, a normal 
shock will appear in the tube, so that part öf the flow will be 
subsonic, but with the flow upstream of the shock unaltered. In 
Figure 4.5(a) the end conditions for the normal shock are found 
by taking the two intersections of a horizontal line with the 

-2.45 

MACH NUMBER 

Fig.  4.6    SIMPLE GAS MIXING;   k=1.4,   y = 0 
Numbers at top and right-hand edges indicate values for M = 0 
and M • 00 , respectively. 

883275 O - 50 - 17 . 
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F/F*-curve.  For a constant value of the friction coefficient f, ~>> 
it may be shown from Figure A.5(a) or analytically, that when a 
normal shock occurs the value of Lmax/D is increased. Thus with 
an initially supersonic flow, an increase in duct length ultimate- 
ly leads to a normal shock whose position is such that M « 1 at 
the end of the duct. The shock moves upstream as the duct length 
is increased. With sufficiently great length, the shock moves 
into the nozzle which produces the supersonic stream. Ultimately 
the shock moves past the throat of the nozzle, the entire flow be- 
comes subsonic, and subsequent increases in length act to choke 
the flow,++ Figure 4.5(c), which is derived from Figure 4.5(a), 
illustrates the above ideas. 

In Figure 4.5(b) are illustrative curves of M2 versus 
Mi for fixed values of 4fL/D, When a shock occurs somewhere in a 
given length, the end state depends upon the location of the 
shock«, For the example shown, the results are given for the two 
extreme locations of the shock, | 

i.  Simple gas injection 

The solution for the case of simple gas Injection de- 
pends upon the forward velocity with which the gas is injected, 
i.e., upon the value of y. When y * 1, the curves in Figure 
4,3(a), properly interpreted, may be used for gas injection or 
withdrawal. When y = 0, Figure 4.6 shows the types of flow varia- 
tions to' be expected for gas injection. For reasons given pre- 
viously, Figure 4,6 cannot be used for gas withdrawal. 

j.   Combined friction and area change 

As a simple instance where combined effects occur, let 
us examine the problem of designing a long insulated dtict for con- 
stant Mach number along its length. Changes in specific heat will 
be ignored, 

.From the first line of influence coefficients in Table 
4.2, setting dM, dT0, dX and dw equal to zero, we get 

dA  kM2 ._ dx 
T ' — 4f D- <^a) 

The normal-shock requirements, namely, that the values of A, TQ, 
and F be constant, are thus satisfied, 

++It is assumed for the foregoing argument that the back pressure 
on the duct is so low as to have no effect on the flow in the 

r duct. 
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^      now 
dA/A - 2dD/D (4.29b) 

^ 

so that 

tano--äg£.^f (4.29c) 
dx    2 

where cr is the half-angle of divergence. For a constant friction 
coefficient, o~ is constant, and the duct is conical. As a con- 
crete example, let us take f = 0.0025» & B  1.4, and M = 2; then 
cr = 0.4- deg. Note that the duct must diverge for both subsonic and 
supersonic flow. 

• 
From the second line of influence coefficients in Table 

4.2 we get, using Equation (4.29a) 

f~ (1 - M2) M . - dA + M£   d^ = 0 
^L.. V    A   2    D 

Thus the velocity is constant. Similarly, the temperature and im- 
pulse are found to be constant. 

For the pressure change, we find from Table 4.2 and 
Equation (4.29a) that 

|P = - M. so that PlAi = p2A2 

In like manner, we obtain 

d£o      _ kM2        dx kM2f dD dD 

Po 2D tana D D r v«-       or 

Po2  A1 

P01  A2 

and, since the area must always increase, the stagnation pressure 
is always diminished,, 

The foregoing results for V, T, F, p, and pQ might just 
as well have been found from Equations (4.22) to (4.26). 

/T 
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k. Combined friction and heat transfer 

The mechanism of friction is so closely associated with 
that of heat transfer that the latter cannot be considered without 
at the same time considering the former. In this example we shall 
confine our attention to flow in a constant-area duct having walls 
at a constant temperature Tw, and will neglect changes in specific 
heat. 

Equation (4«20) may be written in the form 

wdQ » 3L Ö2PVcDdT0 » UTfD(Tw - T^dx (4e30a) 

<A 

In this expression the temperature difference for heat 
transfer is taken to be the difference between the actual wall 
temperature Tw, and the temperature T^a, which the wall would 
assume for the same flow conditions but with zero heat flux. This 
definition seems to give consistent results as regards (a) inde- 
pendence of heat-transfer coefficient with respect to temperature 
differential, and (b) obtaining the same heat-transfer coefficients 
for incompressible flow and for compressible flow up to Mach number 
unity (Ref, 4,9). The relation between the various temperatures 
is shown schematically in Figure 4.7(a), 

It appears that for subsonic flow the Reynolds analogy 
(Ref, 4,10) gives a fair correlation between heat-transfer coeffi- 
cient (using the temperature differential Just defined) and wall- 
friction coefficient (Refs, 4.9 and 4.11), The Reynolds analogy 
may be written 

TJ/CpPV f/2 (4.30b) 

Combination of Equations (4,30a) and (4.30b) yields 

•"•wa\   ax 
(4,30c) 

V 

Next, we introduce the definition of the recovery factor (see 
Figure 4.7.a) 

r = 
Lwa - T  Twa - T 

T0 - T V2/2< 
(4.30d) 

which gives, after combination with Equations (4,3) and (4,14) 

SaftttftsfoajKaafr. -*»***— 

~) 
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Fig.  4.7    COMBINED FRICTION AND HEAT TRANSFER AT CONSTANT AREA 
USING REYNOLDS ANALOGY;  k=1.4 

(a, Sohematio relation between temperatures; recovery factor = (t^. - T)/ 
(T0 - T)j b, Curves of stream properties versus L/D; T0J^ - 1000, pj^ » 10 
Mi = 0.5, f « 0.005, recovery factor - 1.) 
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T. wa (1 - r) ~± M2 

T, 
= 1 - 

1 + 
k - 1 

U.30e) 

V 

Substituting Equation (4.30e) into (4.30c),we obtain 

dTr ZL- 1 + 
(1 - r) k - 1 M2 

•  2 

2f dx D (4.30f) 

Equation (4.19) combined with Equation (4.30f) then yields 

-«»2 M2 (l + k - 1 M2) 

1 - M2 
-2f5l 

1 1 + kM
2 T. w 1 + 

(1 - • r) 
k-XM2 

2 

1 + k 
- X M2 

+ 2kM2 > (4.30g) 

Using numerical integration, these equations may be em- 
ployed for constructing flow patterns. The integration is carried 
out in stepwise fashion, using the following approximations: 

(1) 
o   To2 - Tol 

"57s (To2 + Tol)/2 

(2) The coefficients of fdx/D in Equations (4.30f) 
and (4.30g) are taken at M12 

= ^Ml + M2^//2« 

To illustrate, let us assume that at a section 1 of the 
duct we have the known values M^, p^, T0i, T^, etc., and that f, 
Tw, D, and r are known at each section of the duct. For a section 
2 at a distance x2 - xi downstream from section 1, we carry out 
the following computations: (a) estimate M2j (b) find M12 * ^Ml + 

M0V25 (c)0calculate 2(To2 - TQ1)/(TQ2 + Tol) from Equation (4.30f^ 
(d) find IK from Equation (4o3*g) and compare with the assumed 

! 

3 

-If y "JW^jT "^T«=»g^iWijt*M«jS-M^. j(; 
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w 

•^7"^ 

value of Mo; (e) repeat the previous steps with an improved value 
of M2 found from step (d). After convergence is obtained, the 
process is repeated to find the Mach number at a section 3« Satis- 
factory convergence is usually obtained with one or two tries. 
Having the values of M and T0 at each section, Equations (4.22) to 
(4.26) are used for computing other properties. 

The results of such computations"*" for four different 
values of Tw, and for Tol - 1000, Mi » 0.5, pi » 10, f = 0.005, 
and r.= 1, are shown in Figure 4.7(b). For the case where T » 
1000, the flow is adiabatic, and the results may be compared with 
Figure 4.5(a). The agreement between the approximate numerical 
and the exact analytical solutions is quite good even when as few 
as five intervals between M = 0.5 and M « 1.0 are used for the 
numerical method. 

1.  Pumping of gas through cooling 

The fundamental problem in the pumping of a gas, as for 
instance in driving a windtunnel, is to raise the stagnation pres- 
sure, p . It appears from Table 4.2 that this might be accom- 
plished through cooling (reduction in T0) without using mechani- 
cal equipment,++ Two simple methods of cooling present themselves? 
(1) heat exchangers, and (2)  injection and evaporation of a vola- 
tile liquid. 

(1) Cooling with heat exchangers 

As pointed out in the preceding section, heat ex- 
change is always associated with friction. Experimental data in- 
dicate that the most favorable ratio of heat-transfer rate to 
pumping power is obtained when form drag is absent, i.e., when all 
the drag is due to skin friction. Therefore the Reynolds analogy 

jr~ may be used, and the equations of the preceding section are conse- 
V_!       quently applicable. In addition, we obtain from Table 4.2 

O 

dP0 

Po 
(4.31a) 

+Carried out by students in the Mechanical Engineering Department 
at Massachusetts Institute of Technology, and organized by W, A. 
loeb. 

++ 
A pumping device which operates on this principle needs auxil- 
iary starting apparatus, e.g., a rocket used as an ejector. 

;iO(iyaj>,i—rrn».Wf7»ai»»aiiii '>•-*- 
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^ 

Introducing Equation (4.30f), and rearranging, we get 

Po        D 
+ 1 + 

Cl - r) *-—• M2 

1 ,. k - 1 rT2 1 + —5— M 
(4.31b) 

Thus the condition that a stagnation-pressure increase be obtained 
is that 

— <r - i « (1 - r)(k - 1) M2 

o        2 + (k - 1) M2 
(4.31c) 

For gases,the recovery factor is between 0 and 1. In 
this range the stagnation pressure may increase only if the ab- 
solute wall temperature is negative, as shown in Figure 4.8. Thus 
because of the losses due to friction, it is impossible to raise 
the stagnation pressure by means of heat exchangers. 

Q=0(r = l) Q>0- 

MACH NUMBER 

Fig.   4.8    COMBINED FRICTION AND HEAT TRANSFER;  k = 1.4 
(W'To versus M,  showing curves of dp,, = 0, dM = 0, and Q - 0, for 
recovery factors of zero and unity.    The    positive side of each 
line is shown   hy the, vertical shading.    The cross-hatched region 
represents impossible wall temperatures.) 

n 
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As a matter of interest, Figure 408 shows also the 
ranges in which M increases and decreases, respectively, as found 
by analysis of Equation (4„30g)> and the ranges in which the heat 
transfer is positive and negative, respectively, as determined by 
the sign of (T w ^wa' Note that above 0.7 the Mach number 
always approaches unity, no matter how great the attempts to cool 
the stream (compare with Figure 4.2 and 404a). 

(2)  Cooling by means of evaporation 

Let us suppose that liquid evaporates into the main 
stream at the rate dw. To simplify the computation, changes in 
specific heat and molecular weight will be ignored. Also, since 
it is probably impracticable to inject the liquid with a speed com- 
parable to that of a high-speed gas stream, we will set y = 0. 

From Table 4.2 we get 

dpQ    m2   /dT0    dw\ 
(4.32a) 

The energy relation, Equation (4.16), may, if we • 
assume the specific heat of the evaporated liquid to be constant, 
be written approximately in the form 

dw dQ + dH - -(hv - hL) 2• = cpdT0 (4.32b) 

where hv and h^, respectively, are the enthalpies of the vapor 
(at T) and the injected liquid (at Ti,). 

Introducing Equation (4.32b) into (4.32a), and re- 
arranging, we obtain 

dp0 

Po 

kM* 
1 - (4.32c) 

sure, it is necessary that 
Thus in order to obtain a rise in stagnation pres- 

*V " hL 

CpT0 
>2 (4.32d) 

•-f- 
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Now (hv - hi,) is of the order of magnitude of the 
latent heat., hfg. The most desirable type of fluid for this pur- 
pose is therefore one with a large latent heat. Water immediately 
comes to mind, because aside from its many practical advantages, 
it is almost unsurpassed with respect to latent heat« To obtain 
an idea of order of magnitude, we take a latent heat of 1000 Btu 
per lb for water, cp s-S O.25 Btu/(lb F) for air, cp £ 0.5 Btu/ 
(lb F) for water vapor, and TL = 500 R. We then get the follow- 
ing approximate values of (hv - hL)/cpT0: 

T0(deg R) Injection of water 
into air 

Injection of water 
into stream 

500 
1000 
2000 
3000 
AO00 

8 
5 
3.5 
3.0 
2,7? 

4 
2.5 
1.75 
1.50 
1.37 

\T- 

Comparing these figures with the criterion of 
Equation (4.32d), it is evident that evaporation of water in air 
holds considerable promise as a pumping scheme. 

This scheme is now being investigated for the opera- 
tion of large supersonic wind tunnels because of the prodigious re- 
quirements of such tunnels in the way of rotating machinery and 
power. The actual amount of stagnation-pressure rise obtainable 
depends upon the initial magnitudes of T0, T, p, and M, on the 
relation between the saturation pressure and saturation tempera- 
ture of the water vapor (which determines how much vapor may be 
absorbed by the air), and on the way in which the process is con- 
trolled, i.e., whether at constant Mach number, constant tempera- 
ture, constant cross-sectional area, etc. Using Table 4.2 and 
Equation (4.32), analytical relations between M, T, p, T0, pQ, 
etc., may be derived for these various cases. 

As an example, the case of evaporation at constant 
area will be considered. The following equations are approximate 
in that hv - hi, is assumed constant during the process 

Tol   ^ - hL 
1 - 

T 

M!(: 1 + k-l M2 ) 

(1 + kM|)£ 

o2 

(1 + Mi) 

IE 'I + MM? 
) 

(T0/T0) M2 

(T0/T*) MX 

(4.33a) 

simple 
T0-change 

»*• 
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Pp2 

Pol 

2 /,  k - 1 M2 \ k-1 
1 + kl£ / 1 + ~5— M2 

11 1 + WK 1 + k - 1 

(p/p*)M2 

(p/p*)M1 simple 
T0-change 

(p/p*)Mi 

(p/p*)M2 simple 
— area-change 

U.33b) 

-«?•>> 

£2 
Pi 

1 + Mlf 

1 + Mai 

(p/P*)M2 

(p/p*)M-, simple 
T0-change 

(4.33c) 

Tol 1 + ^-=-i M|  T0I 

(T/T*)M2 

(T/T*)Mi simple 
A-change 

(4.33d) 

w2      Aw 
= 1 + 

TV, Wn - Ä (l - fc)i (4.33e) 

•<_> 

The expressions on the extreme right of Equations 
(4.33a) to (4.33d) refer to quantities which are plotted in Figs.t 
4.3(a) and 4.4(a), as may be verified by comparing Equations (4.33'. 
with Table 4*3- For example, referring to Equation (4.33a) and tc 
Table 4*3s we note that 

To/simple 
T0-change 

2(k + 1) M2 (l + ^-=-i M2) 

(1 + kM2)2 

The computations are greatly simplified by taking advantage of the 
relations between Equations (4.33a) to (4.33d) and the charts in 
Figures 4.3 to 4.6» 

If, at a section 1, the values of T^, p^, TQ^, p0-jj 
and M^ are known, we proceed as follows: (a) Select a value of 
To2 I (b) from Equation (4.33a) compute M25 (c) calculate p02, V2i 

n «•>.-»*'!• J«- -*»-* 
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and T2 from Equations (4.33b), (4.33c) and (4.33d); (d) find -u 
amount of water evaporated AW, from Equation (4.33e); (e) repeat 
this process for other values of T02. Prom the amount of water 
vapor per unit mass of air, the partial pressure of the water 
vapor may be computed; when the latter approaches the saturation 
pressure, no further evaporation is possible. 

Figure 4.9 shows a possible wind-tunnel arrangement 
and approximate results for the pressure' rise obtainable with eva- 
poration at constant area. With maximum temperatures of only 2000° 
Fo the stagnation pressure may be increased about twofold. In 
practice, the effects of variations in molecular weight and specif- 
ic heat make the pressure rise much smaller than indicated here. 

^ 
o 

Fig.  4.9    PUMPING OF WIND TUNNEL BY WATER INJECTION 
AT  CONSTANT AREA 

(Atmospheric air passes in series through a supersonic nozzle, 
supersonic test section, diffuser, subsonic heating section, 
supersonic nozzle, constant-area supersonic section where water 
is evaporated, and back to the atmosphere through a diffuser. 
It is assumed that pQn = 14.7 psia, k = 1.4, and that there is 
negligible humidity at section 1. The curves, which are approx- 
imate, show the maximum value of P02/P0I» corresponding to 
saturation at section 2, as a function of M^ and T ^,) 

o 
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1 \ 6. Analysis of a Discontinuity 

In many problems, because of the boundary conditions, dis- 
continuities in the flow represent the only way in which solutions 
may be obtained.+ For the present purpose, we will define a dis- 
continuity as a finite change which occurs without variation of 
cross-sectional area, and without external heat or work effects« 

a.  Analysis of a stationary discontinuity 

Considering the steady flow through the control surface 

W, 

Pig.  4.10 

V 

CONTROL SURFACE FOR ANALYSIS OF DISCONTINUITY 

in Figure 4.10, the following equations may be written 

Semi-perfect gas» 

P2      ^üi~ (4.34) 
H " pl W2 Tl 

Continuity: 
2      'g   L   2 d Wr> W 

-= « 1 + 
wx     *1  

wl PlVi 
(4.35) 

"^Consideration is not given here to the possibility of other than 
one-dimensional changes, or to longitudinal viscosity and heat- 

conduction effects. 

«tei-s 
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Sound velocity: 

Mach number: 

eg IkJTWi *2 u#36) 

ci      \ kl W2 Tl 

4 = v| Wg % *1 (4o37) 

Mi " vf WX T2 
k2 

Momentum: 

cpx - P2)A - "2v2 - «A - c2 - n* vi + «D»iVya 

„here cD is the ^-'^fofÄlÄÄ ofIS 
ISTK^oynÄefat section 1, ana 

wgyg + wLyL 

we + wL 

*here yK = v'/V-p etc. (see Figure 4.10). 

Remembering that w = PVA and that PV* = **, the momen- 
turn equation is reformed as follows. 

[-(5- l + li +(=r- 1) y "T 
P2 _  

2 

klM^ 

Pi 1 + k2
M2 

Energy:    In aPP^S £° steady-fl« energy lat ion,^. 
ire equate the increase of enthalpy flux • * 
snergy flux, thus ? y2 y2 vjj 

,2h2 - nbj. - «*L - "ghg • 1 7 + t 7 + ^ f " "2 7 
(4.39) 

If tables of P-rh^carcompolitfon^erl^ailabie, 
fcenperature, pressure    and ^ica^composit,^ ^^tion 
aquations (4.34; to ^.J^ «Orroblems      However, a tedious trial- 
wcessary to the solution of problems ^ advantage0us to 
md-error computation is tnen requu-  . 

> 

(4*38) 21 
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seek a simplification, at the cost, if necessary, of some slight 
decrease in accuracy. Such a simplification is achieved by assum- 
ing that the specific heat cp, is independent of temperature, and 
depends only upon chemical composition. The errors caused by 
neglecting the variation of cp with temperature may then be par- 
tially eliminated by choosing specific heats for each species at 
a mean temperature for the process. Using this simplification, 
the enthalpy change in Equation (4.39) is evaluated by imagining 
that the injected gas and liquid are first brought to T^, that the 
change in chemical composition and in phase occur at IT, and that 

I the mixture with properties of section 2 is raised in temperature 
' from T-^ to T2» 

We th®11 obtain 

VW*1 " V + W^(Tl " ^ " Wl(^V) T1 +y2
L(hfg) T1 

+ w2cp2(T2 - Ti) + w2 f - wi f - wgcpg f 

<     0 

This may be reduced to the form 

- — *o2      To!      ^iCpi        ; Cpl 

_ wL (hfg)Ti    *g cpg*r~- _ T ) + Hk ZE£ CTOL - TX) = o 
*i "^pT"   1 *pi    og     x wi C

PI                       u 40) 

where 

T0 = T + V2/2Cp = T"  (l + lLjill?) 

iog       xg T 2Cpg 

V2 

(hfg)T1 . latent heat fer liquid-Taper change at H 

•>»>i.^«.i 
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( Ahpr)rj,-JL e change in enthalpy in going from pro- 
ducts to reactants at the temperature T]_, per unit mass of mix- 
ture at section 1 (positive for exothermic reaction). 

The temperature T0 is the stagnation temperature of the 
gas stream, and is the temperature reached through an adiabatic 
deceleration to zero speed without change in chemical composition 
or specific heat. Energy effects are then measured in terms of 
the stagnation temperature T0, and are evaluated with the help of 
Equation (4.4Q). The stagnation temperature is related to the 
stream temperatures and Mach numbers as follows: 

To2  T2 U + 
(        kg - 1 2\ 

Tol  T If, . ^~--2) 1 + Ml, 

(4.41) 

^ 

Stagnation pressure 

Impulse 

Po2 c £2 

Pol C Pi 

(        k2 - 1 2\ 
\L  + -A— M2j 

k2-l 

1 + Mi 

F2  P2 (1 + *$2) 
Px  PX (1 + kxM2) 

(4.42) 

(A.43) 

After combination and rearrangement of Equations (4.34), 
(4.35)j (4.36), (4.37)» (4.38), (4.41), (4.42), (4.43), the follow- 
ing working equations are obtained 

T o2 

Lol 

*th &*te-1)'-?] 
kxM| 

¥l 

1 + k^ 

k2 _ 1 2 
1 +—2~M2 W2, /wl\2 

1+^1M2WIVW2 
(4.44a) 

O" 

*»»l>y»W-S»*«»H WWW*   "W*- 
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or 
*o2       (To/To>Mo,k2 

W2 /wlf k2 kl + 1 a- - 
*ol       (ToAS>Ml)kl *1 W    kl k2 + 1 

B<= (4o44b) 

where 

x -r 
B • 

(•2      ,\ CD 
i     4-       =   =     «     I  tr   •»   — _x T\Wl    *y *      2, V-M? 

"JL~JL 

1 + M'. 
(4.44c) 

T"l 

and 

2(k2 + l)Ml(l + ^4^Ml) 
etc, 

(1 + k2M|y 

By comparison with Table 4.3 it is evident that  (T0/T£)ifl2,k2 

may be found from a curve similar to the T0/T£ curve in Figure 
4..4(a), but having the appropriate value of k. 

Similarly, we get 

P2      (P/P*)lä2,k2 
kx + 1 

Pi      W^\~^ k2 + 1 B 

T2       (TA*), 

Tx       (T/T*): 

M2,k2 
k2 (H + iy w2 /w,x B2 

Pi 

v2 

(P/p*), ko kl k2 + 1 /w2\" 1 £1*2 
(P/P   HlLfc,. k2 kl + 1 Wl/    B 

(VA^^kskx^lwi 

'l       (V/V ^k-L kl k2 + 1 *2 

c2      <c/c*)M2jk2 k2 kx + 1 wi 

«1 =  (c/c:,=)Mi,ki ^1 k2 + 1 w2 
B 

883275 O - 50 - 18 

(4.45) 

(4.46) 

(4.47) 

(4.48) 

(4.49) 
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F2 
FT 

= B 

Po2       (Po/PcpM2,k2  (k2  * X) 
k2-l 

B 
Pol 

:4.5i) 

(Po/PpMi,^ <kl + *> 
k-1 

Each cf the quantities, such as (p/P*)M2,k2, (
T
/
T
*)MT ki 

etc„, refers to the formulas in Table 4<>3 under the heading 
"Simple T0-change". Thus if Figure 404(a) is extended so that 
there are families of curves for different k values, the numerical 
solutions to Equations (4.44.) through (A.51) are much simplified. 

Figure 4.11, which is similar to Figure 4e4(a), shows 
the curves for simple T0-change with values of k of 1.4 and of 1. 
For small changes in k, such as occur in the combustion of hydro- 
carbons with air, Figure 4.11 indicates the change in k to be of 
secondary importance, except possibly at very high supersonic 
speeds. The effect on p/p* at low Mach numbers should, however, 
be noted0 

^>T/T" 

Fig.   4.11    CURVES FOR SIMPLE T0-CKAKGE 

(Effect of k is shovm.    Curves for k = 1.4 are identical with those of 
Fig. 4.4a.    Charts like this are for use -with Equations  (4.40) and (4.44) 
through  (4.51),  inclusive.) 

b.      Analysis of a discontinuity moving at constant 
speed 

Problems in which a discontinuity, such as a flame front 
or pressure wave, is moving with uniform rate through a fluid ini- 
tially at rest may be handled by using the methods of the preced- 

> 
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ing section. The equations of that section are applicable if the 
observer moves with the discontinuity and if the quantities in 
Equations (4.44) to (4.51) refer to quantities relative to the. 
moving observer. However, it is convenient to have expressions in 
terms of quantities relative to an observer at rest. This involves 
changes in only those quantities which contain a velocity term, 
e.g., Mach number, impulse, stagnation-temperature-pressure, and- 
enthalpy. Note that the static pressure, stream temperature, and 
sound velocity are the same for either observer. Also, the dis- 
continuity moves with the velocity V^ relative to the observer at 
rest. To clarify this, Figure 4.12(a) shows the steady flow 
through a flame-front discontinuity which is fixed relative to the 
observer? in Figures 4.12(b), (c), and (d), which will be explained 
more fully later, the observer is at rest, relative to the unburned 
gas, and the front moves to the left with a constant speed V^ rela- 
tive to the unburned gas. 

"P 

FRONT (STATIONARY) 

•v, V, 

© UNBURNED i <D BURNED 

V 
iy 

FRONT 

©UNBURNED   (D BURNED 
(AT REST) |  _ 
P,>P2 

vi* 

1 
v2   vl 

(c) 

v,- vFRONT 

©UNBURNED id) BURNED 
(AT REST)  I    __v_v 

V- (b) 

V. v_ FRONT 

<D UNBURNED I <D BURNED 
(AT REST)   I 

_L P*£ P Kt       K2 

V,— 

-v-v2 

(d) 

Fig. 4.12 EXPLOSION WAVES 

(»»Observer at rest with respect to flame front. In b, o, and d, observer 
is at rest with respect to unburned gas, and flame front moves to left with 
velocity V,. b, Slow burning; Vj_ < o^j Vg <  c2; V2 > V^j burned gas flows 
away from the front, and pressure drops during burning, c, Deflagration; 
Vn   < «i V2> V_ 
drops during burning.    ds Detonation; Vj_ 

,; burned gas flows away from front, and pressure 
V $ 

gas flows toward front, and pressure rises during burning.) 
c2; V2 < V^; burned 

L 
E'TJJ*",1" • ***r*-riirnwT'"i 
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Using M1, T0, pQ» a*"
1 F' to  denote quantities relative to 

the observer at rest with respect to the gas toward which the dis- 
continuity moves, the following relations indicate the changes 
which must be made before Equations (4.44) to (4.£l) may be used 

Mi - Vi/ci; M{ = 0 

M2 - V2/c25 M2 
V2-Vl  „   o, 
  Ö  • Ho " —— Mi 

c2     ^  c2 

T0i -Ii 1 + 
k, - 1 2\    t 
-V-MlJ5 *ol"Tl 

(4.52) 

(4.53) 

(4.54) 

p«s 

T2 
ko — 1  1v0 1 + _^  (M )2 (4.55) 

Pol 
/   k, - 1 2\

K1 - 1    • pll1 + "2"MlJ     5 Pol'Pl (4,56) 

Po2 * *2 

k2-l 
2— M2j     . (l + & " X «^ 

Po2 " P2 
ko "I  1 „o 

1 + ,2  • (Ml)
2 

*2 
k2-l 

(4.57) 

In Equation (4.53) the  ratio cx/c2 is found from 
Equation (4.49) and Table 4.3» Note that the change in stagna- 
tion temperature is dependent upon the observer's motion, as in- 
dicated by the following expressions 

~) 
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i . *i 
**o '  To2 " Tol » T2 - Tl + 2„    2c n acp2  *cpl 

ATo = To2 - Toi - *2 " Tl + 

When Cp2 • Cp^, these yield 

(V2 - VX)
2 

2c p2 

AT0 * AT0 + 
ViCYj, - V2) 

«A '^ c 

The steady-flow energy relation, Equation (4.40), may be used 
only with To2 and T0i. 

7. Applications and Examples of Discontinuous Flow 

a. Stationary discontinuities 

As examples of the problems to which the discontinuity 
analysis of the preceding section may be applied are the following: 

Adiabatic Normal Shock,, Equations (4.40) and (4.44.) to 
(4.51) are used, with T02 = T0ij W2/Wi = 1, W2?wi » 1, and 
k2Ax « 1. 

Combustion,. In using Equations (4.40) arid (4.44) to 
(4.51), knowledge of the final chemical composition is necessary,+ 

With data on the final composition, To2 may be found from Equation 
(4.40) and then, for given values of Mi, pi, Ti, etc., the values 
of M2, p2, T2, etc., may be computed from Equations (4.44) to 
(4.51). Note from Figure 4.4(a) that there are usually two solu- 
tions to the equations. When the initial Mach number is subsonic, 
the solution with M2> 1 is usually not realizable because it 
would violate the second law of thermodynamics. When the initial 
Mach number is supersonic, both solutions are possible; the solu- 
tion with M2 < 1 may then be thought of as the combination of a 
thermal discontinuity and an adiabatic normal shock. 

• o 

Prediction of the final composition requires additional con- 
siderations, such as reaction rate, intermediate reactions, 
etc. 
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Moisture-Condensation Shock. One of the principal prob- 
lems in the design of supersonic wind tunnels concerns the forma- 
tion of moisture-condensation shocks when the water vapor, which 
remains in vapor form long after the air is saturated, precipitates 
rather suddenly. During the condensation there is a change both in 
the mass flow and stagnation temperature of the gas stream. Equa- 
tion (4.40) may be employed for computing the final stagnation tem- 
perature. In applying Equations (4044) through (4.51)» 7 may be 
taken as unity, and w^ - W2 represents the amount of water con-' 
densed. 

The strength of the shock depends upon the amount of pre- 
cipitation. An estimate of this may be made by assuming that equi- 
librium conditions with a certain average size of droplets subsist 
after the shock, i.e., that the air is saturated with water vapor 
after the shock e

+ 

The condensation of water vapor may, however, give rise 
to a phenomenon similar to thermal choking. If we assume that 
equilibrium exists between vapor and liquid after the shock, then 
for certain combinations of temperature, pressure and humidity, 
thermal choking will define an upper limit to the size of droplets 
formed. In other words, if larger droplets are assumed to be in 
equilibrium with the vapor, no numerical solutions can be obtained 
to the flow equations. An alternative possibility is that equili- 
brium is not established after the shock, that only a fraction of 
the water vapor is condensed, and that the Mach number downstream 
of the shock remains at unity until the expanding flow reduces the 
pressure to the point where equilibrium is reached, whereupon the 
Mach number once again increases„ 

These speculations are of interest, but without further 
experimental data it is impossible to predict the exact course of 
events when thermal choking plays a part«, 

Similar considerations apply to the flow of supersaturat- 
ed steam through turbine nozzles. Yellot (Ref. 4.12) mentions 
tests on steam nozzles where, in at least one case, the computa- 
tions (based upon a certain radius of droplets after condensation) 
yielded only imaginary answers for the final condition. This was 
probably a case of thermal chokinge 

+ The effect of surface tensions on the latent heat and on the 
vapor pressure-temperature equilibrium curve must be taken into 
account, 

O 
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3 b.  Steadily moving discontinuities (explosion waves) 

As an example of a steadily moving discontinuity, con- 
sider a plane flame front moving into an inflammable gas initially 
at rest» 

To simplify the qualitative discussion, changes in 
specific heat and molecular weight will be ignored and drag and 
gas-injection effects will be omitted. Equations (4.52) to (4.57) 
are then simplified by setting k^ •> k2<> 

Any particular reaction will have associated with it a 
particular change in stagnation temperature, T02 - T0i, the value 
of which, from Equation (4.40) is given approximately by the en- 
thalpy of combustion at constant p and T, divided by the specific 
heat at constant pressure. Using Equation (4.54), the following 
relation, based upon k^ • k2, gives the ratio of stagnation- 
temperature rise to initial temperature in terms of the end Mach 
numbers 

V- Tol 
T, (l* ^4)^-1) 

The relation between T^/TQ^, 

Equation (4.44), or from Figure 4.13. 

M-j^ and M2 is found from 
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Fig. 4.13    TYPES OF EXPLOSION WAVES 
(Curve of (T-/l0)* versus M for simple 1^,-change with k - 1.4; see Fig. 4.12, 
Process s-t Is one of slow oosibustion. Process s-u is one of deflagration. 
Process v-u, v-t, or v-w, is one of detonation.) 
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Note that the parameter AT()/T1 is more useful than ^/^ol 
for the steadily moving discontinuity because it depends upon the 
particular chemical reaction and the temperature of the unburned 
gas and not upon the flame speed M^G Curves of M2 versus M^ at 
constant values of AT0/T;j_ are presented in Pig 4.14(a)„ 

I2T6V ,0- AT0/T,      -,0- 

^ 

Poz/pi   (°ASHED LINE) 

5-  0.1 

^0.01 
0.01      0.1 

AVT (b) 

Fig.  4.14    EXPLOSION WAVES;   k=1.4 

o 

(a, Chart showing M2 versus Mx for fixed values of  AT0/TX, with curves of 
constant P2/P1..    The  several branches for each ATQ/TX may he compared with 
the representations of Figs. 4.12 and 4.13.    b, Chart showing M, and pn?/pi 
versus AT0/Tx for the limiting case where M2 - 1.) oaex. 

1 
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Three different types of explosion waves may be identi- 
fied« These are illustrated in Figs. 4.12, 4.13? and 40l4(a). The 
relative magnitudes of the pressures and velocities fore and aft 
of the wave are found either from Equations (4.38) and (4.53)? o? 
from inspection of Pigs. 404(a) and 4.14(a)0 

Slow burning. The speed of the flame front is subsonic 
relative to the unburned gas, and the latter flows away from the 
front. The pressure drops as the flame front passes the observer0 

Deflagration., The speed of the flame front is subsonic 
relative to the unburned gas, and the latter flows away from the 
front. The pressure drops as the flame front passes the observer. 
Although these effects are qualitatively the same as in slow burn- 
ing, the magnitudes of the changes in velocity and pressure are 
very much greater than for slow burning, Deflagration might be 
thought of crudely as the combination of a thermal shock and a 
negative (i.e., expansion) adiabatic shock. Because of the latter 
circumstance, it is probable that deflagration violates the second 
lav/ of thermodynamicso 

Detonation, The speed of the flame front is supersonic 
relative to the unburned gas,_and the latter flows toward the 
front. The pressure rises as"the flame front passes the observer. 
Relative to the front, the flow behind the shock, iDe., in region 
2, may be either subsonic or supersonic. 

For a given value of ATD/Ti corresponding to a given 
chemical reaction the equations of continuity, momentum, and energy, 
according to Figure 4.14(a), can be satisfied by an infinite number 
of values of Mi to each of which are related, in general, two pos^~ 
sible. values of M25 except that in a certain range of values of M]_, 
on either side of the value Mi * 1, no steady-state solution is 
possible. In order to predict the values of Mi and M2 which will 
occur in a given instance, consideration must be given to the 
kinetics of chemical reaction and to the boundary conditions in 
space and time. Also, it should be noted that for steady motion of 
the flame front the flame speed (kinetically speaking) must be 
identical with the velocity of the discontinuity« 

When a flame is initiated in a quiet inflammable mixture 
the flame velocity is at first quite low. Then, as a result of 
pressure waves initiated during the combustion process and re- 
flected from nearby boundaries, the temperature of the unburaed 
gas just ahead of the flame front may attain values large enough 
to increase the flame speed very markedly (Ref. 4.14). After the 
speed of the flame reaches the limiting value for slow combustion 
shown in Figure 4.14(a), pressure waves, by means of the tempera- 
ture rise accompanying them, can cause a further Increase in the 
speed of the chemical reactions in the flame, but no increase in 
the steady speed of the discontinuity can be found which will sat- 

C 
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isfy the conditions of continuity, momentum, and energy. A tran- 
sient condition then sets in and oscillations in flame speed are 
observed experimentally (Ref. 4„l/i). 

It seems probable that the mechanism by which the flame 
passes into the detonation type of combustion is by means of a 
sufficiently large oscillation or pressure wave which raises the 
temperature in the unburned gas to the point where the flame speed 
is equal to or greater than the minimum value for detonation. As 
soon as this occurs it is possible to satisfy the conditions of 
continuity, energy, and momentum for a steadily moving discontinu- 
ity o 

Although any point on the appropriate curve for AT0/Tx 
in the detonation region will satisfy the physical conditions, the 
results of experiments show that only at a point' such as w, Figs. 
A.13 and A,la(a), where M2 = 1> are steady conditions attained. 
If conditions corresponding to the point t are established, then, 
since M2 is less than 1, a rarefaction wave formed in the burned 
gas can overtake the flame front and cause a decrease in M]_ toward 
point w. Conversely, a pressure wave can cause an increase in M^,, 
The flame front is thus continually exposed to the effects of pres- 
sure and rarefaction waves, and, with suitable boundary conditions, 
it is possible for point w to be reached, at which condition M2 is 
unity; then the flame front can no longer be influenced by expan- 
sion waves or by infinitesimal compression wavesc 

In considering the possibility that a steady condition, 
corresponding to point u (Pigs. 4.13 and 4.14(a), might be attain- 
ed, most writers (Ref. A.14) have argued that it is a less prob- 
able state than that corresponding to point t, because point t has 
a greater entropy but the same stagnation temperature as point uc 
The difficulty in this argument is that it would appear to make 
any supersonic flow improbable in view of the fact that there is 
always a corresponding subsonic state of higher entropy and the 
same stagnation temperature, A convincing conclusion cannot rest 
on thermodynamic reasons alone, but must rely upon the considera- 
tion of the physical and chemical mechanisms which cause detona- 
tion. In this respect it might be noted that whereas point t 
represents a solution which includes a compression shock, for 
point u, on the other hand, no shock is involved. As the mechan- 
ism for "raising the flame speed to the large values associated 
with detonation appears to be a pressure shock slightly preceding 
the point of ignition, it is questionable whether a steady con- 
dition corresponding to point u can be attained„ 

In virtually all reported experiments on detonation, it 
appears that the boundary conditions and chemical kinetics were 
such as to lead to point w (M2 » l) as the steady-state condition 
(Ref. 4.14). 

1 
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Considering now the case where M2 * 1» Figure 4.14(b) 
shows the maximum Mi for slow burning and the minimum Ml for deto- 
nation, both as functions of AT0/Ti„ Using the approximation 
that k2 = ki, the relation between these quantities is found from 
Equations (4,44) and (4.58) to be 

AT, (1 M|)2 

Tl /M2=i  2(k + 1) M| 
(4.59) 

The rise in temperature associated with an adiabatic 
pressure shock (AT0 = 0) is of interest in detonation phenomena 

f 
T 

I + ^M
2

. 

1  ! + iLfl M| 

(k + l) 
2 1+ k = I M| 

Ml2 -£-^i 
1     9 (4.59a) 

i 
An estimate of the damage produced by a steady-state 

detonation wave* is provided by the value of P02/Pl found from 
Equations (4.45) and (4.57) 

'Po|\ 

v Pi/, M2«l 

1 + kM| 

k + 1 
1 + 

k - 1 
2   \2 

si" ^ 
1 + kM2, 

k 
k=l 

(4.60) 

S 

This ratio is also plotted versus M-j_ in Figure 4.14(b). 

+ It should be remembered that in most explosions the reaction 
soon ceases for want of fuel, so that the wave strength, shown 
in Fig. 4.14(b), is of very short duration. 
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In the usual hydrocarbon explosion, T^ is about 520 R, 
AT0/Ti is about 6, and the speed of sound is about 1000 fps. 
From Figure 4.14(b) it may be seen that the flame-front speed is 
then about 5500 fps, and the stagnation pressure rises to about. 
25 atm. Also, from Equation (A.^9a) the temperature after an 
adiabatic shock traveling at 5500 fps is about 3000 F; thus as in- 
dicated previously, there is considerable preheating effect avail- 
able for increasing the flame speed to values necessary for deto- 
nation o 

The temperatures in an atomic explosion are said to be 
measured in millions of degrees. Assuming for such an explosion 
that AT0/Tx « 10

d, Figure 4.14(b) indicates a wave speed of the 
order of magnitude of 200,000 fps, and a stagnation pressure of 
the order of magnitude of 40,000 atml 

APPENDIX 4.1 

DERIVATION OF ENERGY EQUATION 

In applying the steady-flow energy equation to the flow 
through the control surfaces of Figures 4,1(a), (b), and (c), the 
liquid stream, whether it be in the form of filaments or droplets, 
is considered to be external to the system. Only the liquid 
crossing the control-surface boundary and evaporating within the 
control surface is taken into account in evaluating the flux of 
enthalpy. Changes in temperature of the liquid traveling along 
with the stream are then taken to be the result of external heat 
exchange to or from the main stream. Therefore the liquid cross- 
ing the boundary is saturated and at the temperature of the gas 
stream, and, as it passes out of the control surface in the form 
of vapor mixed with the main stream, it is at the temperature of 
the latter. 

The energy equation of steady flow relates the external work 
effect and the external heat exchange to the increase in the fl\uc 
of enthalpy,, kinetic energy, and potential energy passing through 
the control surface; thus 

1 

w(dQ - dWx) a w(h + dh) +(hg)T dwg + (h^T 
dWL " wh 

— + d~ j 

- w •!•—  - —a- dwp - —= dw-r + (w + dWp + dw-r) (z + dz) - wz 
2   2   g  2 g 

- zLdwL 

zgdwg 

(4.61) 
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In this expression, dQ is the net heat added to the stream 
from sources external to the main gaseous stream, per unit mass of 
gas entering the control surface. Likewise, dWx is the net ex- 
ternal work delivered to outside bodies per unit mass of gas 
entering the control boundary. The external work includes such 
things as shaft work, electrical work, and shear work on moving • 
bodies adjacent to the control-surface boundaries0 The elevation 
Zg is taken at the height where hg and Vg are measured; similarly 
for zL. The symbols (hg)rj> and (hg)Tg denote,respectively,the 
enthalpies of the injected gas dwg at the temperature T, and at 
the temperature Tg at which dwg crosses the control surface. The 
symbol (hi,)? denotes the enthalpy of the evaporated liquid at the 
temperature T, and (hL)TL denotes the enthalpy of the evaporating 
liquid as it crosses the control surface at the temperature T. 

dQ   - dW 

Equation (4.6l) may be reduced as follows 
•2 

x dh + dl! 
2 

+ dz 

(hg)fjj - (hg)Tg +  £ 
2   + z " zg 

(hL)T - (hL)TL + 
V2 - V? 

+ z - z i. 

w 

dWL 

w 
(4.62) 

Now the enthalpy change of the main gas stream, dh, is the sum of 
the changes clue to chemical reaction and to temperature change; 
thus 

dh = - dhpr + CpdT .(4.63) 

where dhpr is the enthalpy increase at the temperature T and 
pressure p for a change from products to reactants, and is posi- 
tive for exothermic reactions. It is often called the heat of 
reaction, or heat of combustion at constant pressure and tempera- 
ture 0 In evaluating dhpr, one considers of course only the 
chemical changes which actually occur, but computes dhpr per unit 
mass of total gas stream„ 

We may also write 

(hg)T - (hK)T 
V. 

g'Tg = (hK)T - hog = cDg(T - Toe) *Og Pg' 
Log (4.64a) 
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*Pg 
•s   rp 

•'•og 

cpgdT (T - ,Tog) (4,64b) 

where h0g is the stagnation enthalpy of the injected gas stream, 

and T0„ is its stagnation temperature. 

Also 
(hL)T - (hL>TL = %g (4.65) 

where hfg is the latent heat of evaporation of the injected 

liquid at the temperature T0 

Inserting Equations (4.63), (4.064a), and (4.65) into (4.62) 
and rearranging, the energy equation is finally put into the form 

vA 

dQ - dWx + dH = CpdT + d(V2/2) + dz (4.66a) 

dH dhpr - cpg(T - Tog) + V
2/2 + (z 

hfg 

zg) 
dw 
w 

T - V? 
+ (z - zL) 

dw]-, 

w 
(4.66b) 

Except for meteorological problems, the differences in eleva- 
tion can usually be ignored, and are omitted in the remainder of 
the paper, 

APPENDIX 4.2 

DERIVATION OF MOMENTUM EQUATION 

For steady-flow problems, Newton's second law of motion is 
most conveniently applied by equating the net force acting on a 
control surface to the increase of momentum flux of the streams 
flowing through the control surface. 

Consider forces in the direction of flow acting on the con- 
trol surface in Figure 4.1(a), Assuming that the injected gas and 
liquid streams are at the control-surface pressure as they cross 
the boundary and that the angle of divergence of the walls is 
small» the momentum equation yields"1" 

! ) 

+If the injected gas stream is not at the control-surface pressure 
as it crosses the boundary, the term (Pg-p)dAi should be added to 
the left-hand side of Eq,(4.67),where pg is the pressure of the 
injected stream at the boundary and dAi is the projected area of 
the control surface occupied by the injected gas stream. 

O 
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pA + pdA - (p + dp) (A + dA) - TwdAw - dX 

» (w + dw + dwL) (V + dV) - 
vgdwg ~ v{dwL - wV (406y) 

In the foregoing expression Tw represents the frictional 
shearing stress acting on the wall area dAw; dX is the stun of (l) 
the drag of bodies immersed in the stream within the control-sur 
face boundaries, and (2) the component of body or gravity forces 
acting on the fluid within the control surface in the direction 
opposite to that of the velocity vector; V is the forward com- 
ponent of the velocity Vg with which the injected gas dwg crosses, 
the control surface, and similarly for V^. 

The wall shearing stress is related to the coefficient of 
friction f, though the definition 

Tw = fPV
2/2 (4.68) 

Also, we define the quantities 

yg = VgA, and yi, = VL/V (4.69) 

From the definition of the hydraulic diameter D, we obtain 

dAw/A - 4 dx/D (4.70) 

.After substituting Equations (4.68), (4.69), and (4.70) into 
Equation (4.67), and noting that PV2 * kpM2, we obtain, following 
rearrangement 

»dp A MS
2 dV2  kM2 /  dx   dX \ ^ ..K2(-, > dw  rt    ,.  „, > 

-£ + -— * + — M-f —- +  + kM<Hl ~ y) Ü•. = 0    (4.71) 
,HC - P    2  v2   2  \  D  £kpAM2/ w 

where , 
dw dwR dwr (1 - y) • = (1 - y ) _1 + (1 - yL) _Jl (4.72a) 
w w w 

dw  dw   dwx 
T = — + IT (4^2b) 

7 
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dw    dwg     dwj, 
y — = y  —^ + yL -J- (4.?2c) 

w   ö w      w 

These same equations apply for the methods of injection in 
Figure 4.1 (b and c), provided A is always taken as the cross- 
sectional area of the main gas stream0 

> 

si 
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APPENDIX 4,3 

EXAMPLES 

General. The numerical solution of problems is greatly 
faeilitatöd by numerical tables of functions. At the back of 
this report are thirty tables of such functions, with the aid 
of "which virtually any problem in one-dimensional gas dynamics 
can be carried out conveniently. 

The tables are divided into five groups, each pertaining 
to a certain kind of process; and in each group are six tables, 
each referring to a particular value of the specific-heat ratio, 
k. 

Tables 4.4 to 4.9, inclusive, give values of the 
influence coefficients, and will be found useful for 
problems involving,combined effects. 

Tables 4.10 to 4.15, inclusive, give values of 
the functions for isentropic flow. 

Tables 4,16 to 4.21, inclusive, give values of 
the functions for "simple T0-change", that is, constant- 
area flow without friction. 

Tables 4.22 to 4,27, inclusive, give values of 
the functions for "simple friction", that is, adiabatlc 
flow at constant area. 

Tables 4.28 to 4.33» inclusive, give values of the 
functions for a normal shock. 

In the sections below are numerical examples illustrating 
the use of the tables. 

i i  i. 

883275 O - 50 - 19 
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Examples of Use of Tables of Influence Coefficients. For 
convenience in performing numerical calculations, the influence 
coefficients given in Tables 4.1 and 4.2 are slightly modified. 
In the case of variable specific heat and molecular weight the 
principal working equation is a modified form of Equation (4.13)» 
namely, 

dM* *A f * *<j dQ - dWx + dH cpT 

+ Ff i~4f T dX 
£kpAH2 

-2y dw~"I 
w J 

o 

+ R. dw + %.dW  dk 
w    «W  k (4.73) 

For constant specific heat and molecular weight, the 
principal working equation is a modified form of Equation (4.19)» 
namely, 

dTf 

where 

dM2 - FA % + FT0 «a 

l~4f T + F* 4- ** 0rr dw 

-gkpASr    w + *w~ w w 

PA 
_2M2 (l^M2) 

1 - H2 

F - - a» - g2 t1 + •2) FQ--Fw-_k__2 

Ff « 
Ml4 ( 1 + k-|:^ M2) 

1 - 

•o  2 

Fw  M
2 (1 + kM2) (l + ^"^ M2) 

1 - H2 

(4.74) 

(4.75a) 

(4.75b) 

(4.75c) 

(4.75<i) 
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f The influence coefficients F&, FQ, Pf, and Pj are given as 
functions of M in Tables 4.4 to 4.? for values of k from 1.0 to 
I.67«, Note that the influence coefficients of Equation (4.75) 
are greater by the ratio Jj2 than the corresponding coefficients 
defined in Tables 4.1 and 4.2. 

Consider the case of combined friction and heat transfer in 
a duct of constant area, which was discussed in sub-section (11). 
For simplicity, the Reynolds Analogy will be used, the recovery 
factor will be taken as unity, variations in specific heat will 
be ignored, and the wall temperature will be assumed constant. 

Suppose that at section 1 of the duct the Mach Number Mi is 
0.5, and the ratio of wall temperature to stagnation temperature 
Tw'Tol is 4» Also, let the friction coefficient f be 0.005 and 
the ratio of specific heats k be 1.4. The problem is to find the 

/f~ variations of all stream properties with respect to distance along. 
^~ the duct. We proceed in stepwise fashion by first solving for 

conditions at a section where M2 • 0.53« 

Prom Equation (4.30f), we have 

dT 
In       ,°m  = 2f & (4.76) Aw  xo     ü 

Since the wall temperature has been assumed constant, we 
may integrate analytically, and obtain: 

•ESL. - 1 

\A  w> 

x2 ~ xl  1 ,  T01 , 

•ol  Aol 

Combination of Equations (4.74) and (4.76) yields 

dM2 » FT    ££°. + p*4f ^S 10    T0        x       D 

"t 
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Equation (4,78) is integrated approximately over a short 
step by assuming the influence coefficients to have constant 
values corresponding to the value of (Mi + M2V2, and by assum- 
ing that the magnitude of T0 is constant during the integration 
with a value of (T02 + T0i)/2, With these approximations, we 
get for the first step of the integration, 

2 2 / 
M2-Mi=2 

xo2 
Tol 

-1 
F„ 

2Ff 

^o2/Tol^+1 + ^W^ol* - ^O2/TO1; - 1 

(4,79) 

where Fjrepresents an influence coefficient at the mean Mach 
number M. 

Now M' Mi« 0.50 

2 
Mi * 0.2500 

M2 « 0.53 

M| . 0.2809 

M    • 0.515 

M| - M| « 0. 0309 

From Table 4«,8 we get F^ * 0.522, and Ff • 0.142. 

We solve Equation (4.79) for To2/
T
0i ^7 trial-and-error, 

sj\ making use of the fact that T02/
Tol is approximately unity. As 

a first trial, we assume T02/
Tol as 'unity *ov  the terms in the 

square bracket of Equation (4.79)s and obtain 

0.0309 
*ol   / 

0.522  2(0 .142)"] 

6   J' 
from which we get To2/T0l * 1«°5- Using this value for the 
second trial, we write 

0.0309 * 2 
rio2 
v^ol 

0.522  2(0.142) 
2.05 "  5.95 

—-v 

< ) 
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from which we obtain T02/TO1 
e 1.0511, Using this for the third 

trial, we obtain in similar fashion 

*o2 « 1.0511 , 

which indicates that the second trial was adequate. 

To find the distance in which this temperature rise is 
accomplished, we substitute into Equation (4,77), and obtain 

("> 

x2 " xl 
In 

4-1 
1.72 

D    2(,005)   4 - 1.0511 

so that section 2 is 1.72 diameters downstream of section 1. 

The values of other stream properties at section 2 in 
relation to the corresponding properties at section 1 are found 
from Equations (4.26), (4.21), (4.22)* (4.23), and (4.17)> 
respectively: 

1     ( 

sA I 

±2 *o2 A 

*ol 1 

*       2 Ml 

*1 + k " +      2 14 1.0449 

p2      Mx 

Pi      ^ 
0.9643 

*2 ^rs 1.0835 

O 

P2      P2 Tl -£ „ -£. -± . 0.9229 
Pi      Px T2 

11—Wtrwiiä.Thil*.^T-Bf,i» 
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Example of Use of Tables of Isentropic Functions, A super- 
sonic wind-tunnel nozzle is to be designed for a Mach Number of 
25 with a test section one square foot in area. The supply pres- 
sure and temperature at the nozzle inlet, where the velocity is 
legligible, are to be 10 psia and lOOQp, respectively. The 
Initial design of the nozzle will be based on the assumptions that 
bhe flow is isentrople, with k =» 1.4, and that at the throat and 
best section the flow is one-dimensional. 

We will begin by determining the stream properties at the 
best section. Using Table 4.14, we find that at M » 2, 

M*» 1.6330 
P/Po - 0.12780 
P/P0 - 0.23005 
T/T0 - 0.55556 
A/A* « I.6875 

Therefore, 

p « 0.1278(10) x» 1.278 psia 

and T » 0.55556(459.7 + 100) » 310.9°R - - 148.8°p 

Also, 

•c « /^kRT - />J(1.4)(53,35)(32.174)(310.9) - 864.4 ft/sec 

V « Mc • 2(864.4) - 1728.8 ft/sec 

The flow rate is w » PAV - 0.01110(1728.8) - 19.19 lb/sec. 

Next, we will determine conditions at the throat, First, 

the throat area is found to be 

1 

•0 
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At the throat the Mach Number Is unity; hence we get from 
Table 4.14 

p*/p0 o 0.52828 

p* » 10(0.52828) « 5.2828 psia 

and 
T*/T0 = 0.83333 

T* - (559.7)(0.83333) *= 466.4°R 

p* . SL . (^828K1^) . o.03O57 lVft3 
RT*  (53.35K466.4) 

V* » c* « y>JkRT* = /y/(l.4)(53.35)(32.l74)(466.4) 

« 1059 ft/sec 

The final column in the isentropic tables gives the value 
of (p/p0) (A/A*). This function is useful in experimental work 
involving supersonic flow in ducts. If the entire flow is 
assumed to be adiabatie, and if the flow to the throat of the 
supply nozzle is isentropic as well, then it may be shown that 
the Mach Number M corresponding to a pressure p and area A at 
some sgction of the duct may be found from the function (p/p0) 
(A/A*)0 An example of its use is given in the example involving 

4 
\ KA/&*JO    An exampj-e 01 ms  use is gi 
i\ iT        simple friction, in sub-section (8). 

Example of Use of Tables for Simple T0-Change. A gaseous 
mixture of air and fuel enters a ram-jet combustion chamber with 
a velocity of 200 ft/sec, at a temperature of 120°P, and at a 
pressure of 5 psia. The heat of reaction of the mixture for the 
particular fuel-air ratio employed is 500 Btu per pound of 
mixture. It is desired to find the stream properties at the exit 
of the combustion chamber. It will be assumed that friction is 
negligible, that the cross-sectional area is constant, and that 
the properties of both the reactants and products are equivalent 
to air as regards molecular weight and specific heat. 

We begin by computing additional properties at the inlet, 
which will be called section 1. The sound velocity c^ is 

i  "; 
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cx = ^kRTi - yj (1.4)(53.35)(32.174)(579.7) 

» 1180.3 ft/sec 

and      Mx » V-j/ ex - 200/1180.3 » 0.1694? 

The stagnation temperature and isentropic stagnation pressure 
at section 1 are found for this value of % from Table 4.14. 
Thus, 

0.9801 

»ol 0.9801 
5.102 psia 

i-1 - 0.99429 

T . . ?79-7 . 583-0°R 
ol  0.99429 

/'• 

To analyze the changes in the combustion process, we first 
find from Table 4.20 the ratios of stream properties to the 
corresponding properties at M • 1. For M-,_ - O.I6945, we find 

(T0/T0*)x « 0.128 

(T/T*^ « 0.153 

(p/p*)1 - 2.308 

(Pc/Po^l " 1.2435 

(VA*)X » 0.0663 

Next, we find the exit stagnation temperature from Equation 
(4.24)* 

*o2 * Tol -*H/CP 

O 

N^VM»! BHdzaavauzyir -«-i»^*. 
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r Wow, AH« 500 Btu/lb, 

and 

so that 

c_ * —J£— R » htl 2l£l . 0.23991 Btu/lb°F 
P  k - 1   0.4 778.3 

- T, 500 
2084.1°F Ao2 - Aol  0.23991 

To2 » 2084.1 + 583.O « 2667.1°R 

To2Aol « 2667.I/583.O - 4.5748 

The properties at section 2 are found with the help of the 
T02/Toi ratio. We first compute 

«  (0.128)(4.5748) = O.5856 

<A 

( > 

With this value of (T0/
To*)2» we enter ^able 4.20 again, and 

find that 

M2 - 0.4329 
(T/T*)2 * O.677 
(P/P*)2 « 1.9012 

(P0/P0*)2 = 1.1425 
(V/7*)2 «= 0.3563 

Finally, we obtain the remaining properties at section 2 with 
the relations 

(T/5*)2 0.677 , «_ 
T2 - *i TTT^TT - 579-7 TTT^ - 2#0°R (T/r*)- 0.153 

„        (P/P*)2 rr   1.9012 .    ,,rt p« » p, -i-i—£ * 5 A*7W*, « 4.119 Psia 
(p/p*)l 2.308 

""**nji'"*^'""*"~~l"*^^*"""" ~* — 
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po2 , Pol iSsfagg = 5.i02 h•ä . 4.688 psia 

V2 " vx 
(V/V*)2 

(V/V*)! 
200 !HS * 1075 ft/sec 

0.0663 

D 

V 
It is also of interest to find the maximum heat of reaction 

for which flow with the specified initial conditions may be main- 
tained. Choking will occur when the exit Mach Number is unity. 
Hence, denoting the choking condition by subscript 3? 

and 

•03 

(AH). 

(WO3 
01 (To/To*)! 

583.0 
0.128 

4550°R 

max - °p «03 - Tol) 

1 

« (0.2399)(4550 - 583) * 952 Btu/lb 

After the fuel-air ratio has been increased to the value 
corresponding to this maximum heat of reaction, further enrichment 
of the mixture will produce a reduction in mass rate of flow and a 
consequent reduction in the Initial Mach Number. 

Attention is called to the use of Tables 4.16 to 4.21, in- 
clusive, for problems involving flow through a discontinuity, 
especially when energy effects are involved. Sub-section f ex- 
plains the methods to be used with these Tables. 

\/-        Example Involving Simple Friction. When a test rig consisting 
of a converging-diverging nozzle attached to a smooth, round tube 
was used, the following data were obtained for the purpose of measur- 
ing friction coefficients for the supersonic flow of air: 

Pressure upstream of nozzle = 516 cm. Hg, abs0 
Temperature upstream of nozzle « 107.3°F. 
Throat diameter « 0.2416 inches. 
Diameter of nozzle exit and of tube » 0.5009 inches. 
Pressure of stream at a point 1.75 diameters from tube 

inlet « 18.25 cm. Hg. abs. 
Pressure of stream at a point 29.60 diameters from tube 

inlet = 37.1 cm. Hg. abs. 

O 
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It is desired to calculate the average friction coefficients 
between the sections "Where x/D » 1.75 and x/D « 29.60. It •will 
be assraaed that the flow to the throat of the nozzle is isentropic 
and that the flow in the entire system is adiabatic 

Since the flow to the throat is isentropic and the entire flow 
is adiabatic, the column labelled (p/p0)(A/A*) in Table 4*14 may be 
used for finding the Mach Numbers at the upstream section, 

(A/A*)1 « (0.5009/0.2416)
2 « 4.2986 

1/ (p/Poh • 18.25/516 « 0.03537 
(P/P0)! (A/A*)! - (0.03537)(4.2986) « 0.1520 

Prom Table 4.14, then, M^ » 2.524. 
^ Using this value of M^, we get the following values from 

^L Table 4.26 for simple frictions 

(p/p*)l » O.2878 
Uflfcax/D)! - 0.4371 

Now, since 
P2      (P/P*)2 

Pi * (P/P*)i 

€ 

we obtain 

that 

(p/p*)2 = 2LsL- (0.2878) - 0.5850 
I8.25 

Entering Table 4.26 with this value of (p/p*)2, we find 

j\ .       ^    . M2 » 1.542 
(4fImaxA>)2 " ^•V^Z 

Therefore, 

At £k . 0.4371 - 0.1^12 » 0.2859 
D 

•"*• **"* AL/D « 29.60 - 1.75 - 27.35, 

the average friction coefficient is 
f «   °*28^- » 0.257 

4(27*85) 

f/ 

-j 
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Example of Use of Tables of Normal-Shock Functions,. The 
relations between the stream properties on the upstream and down- 
stream sides of an adiabatic normal shock when changes in specific 
heat.and molecular weight are absent are presented in Tables 4,28 
to 4.33, inclusive. In these tables, subscript x denotes condi- 
tions upstream of the shock, and subscript 7 denotes conditions 
downstream of the shock. 

As an example, consider a stream of air with a Mach Number of 
2, pressure of 10 psia, and temperature of 30°F which passes 
through a normal shock. Then 

and 

% • 2 

Px - 10 

Tx - 489.7 

From Table 4.14, we find the value of the initial stagnation 
pressures 

r-i^ « O.I278O 
kP, 

10 
0.12780 

78.247 Psia 

«ith a value of % of 2, we enter Table 4.32 and obtain 

My 

Py/Px 

0.57735 
4.5000 

I.6875 

-21 . 0.72088 
-pox 

Using these ratios, we compute the properties at section y: 

Py » (4.5000)(10) » 45.000 psia 
Ty - (I.6875)(489.7) - 826.4°R - 366.7°F 

poy * (0.72088)(78.247) « 56.407 psia 

The column labelled P0y/Pox 
is &lso labelled A*x/A*y> 

because, for isentropic flow, the throat area required to 

o 

_. 
ra^ywrii», 1 -argaKH-a^ tfawwiE- 
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pass a given flow is inversely proportional to the stagnation pres- 
sure. Thus, if a supersonic nozzle is followed by a supersonic 
diffuser, the starting condition,requires that the diffuser throat 
be larger than the nozzle throat« If the Mach Number of the nozzle 
is 2, we see from Table 4.32 that A*x/A*y « 0.72088, so that the 
throat area of the diffuser must be about"39% greater than the 
throat area of the nozzle. 

The column labelled P0y/px is useful for reducing data ob- 
tained with supersonic pitot tubes. The measurements usually yield 
the static pressure upstream of the detached bow wave lying ahead 
of the probe, and the isentropic stagnation pressure of the stream- 
line which comes to rest at the probe after passing through the 
normal portion of the bow wave« These are, respectively, Px and 

p0y. The ratio Poy/px is a function of 1^, as given in Tables 4.28 
to 4.33. 

<fi 
(":• 

O 

mmtvxgt'r».**^ -jfe^a.jJAWJf- -s.a.. 
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>. 

o o 0 
il                       0 °„„. nn9S1 .00.251 

- -A g Äf ff 

:S ^| ff IS 1 
5 -I 33 i:2:£ 138 '.70 -1.9,22 2,708 1-4,32 W ~\ 

o n no .' 2.0,09 2.0.09 75 -2.5,71 -7.232 ^                  £g16 
80 -3-,556 -l.|8 |-485                  4..4S5 
85 -5.207 1-.881 4.,4öO                    7.716 

•W -'8L5?? 8*864                   1.7-61                   1-7-61 
,95 —1,8.51 8->do4                    ' 

li SS :^ :g I 
ig IS d:«l -W- -'"O8" 

o 7 1 18 
125 "       5.5,56 -4.3,40 -Jl.W J-^ 
130 4.899 -4.1-39 ~62 54 -6-2,54 
1.35 4.4',32 -4-0,38 -6.2,54 _6.0,43 

tSS =Ä 
1.50 3.60,0 -4-05,0 -*|«g lüg 
j 55 3.42,6 -4'ii'6                   5843               -5.84,3 
1.60 3.28,2 -4-20,1 =f-8M               _5-88i4 
1.65 •     3.16,1 =4303               J-^               „5.94,8 

1.70 3'.05,8 -4.41,9 

^ 

1 are valid 
Notes:    (1)  For values of M from 0 to 3.00, all digits to the left of the comma 1 

for linear interpolation.   Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2) The notation .0 3429 signifies .000429.   The notation 5370, signifies 5,370,000. 

Iable4.4    IKFUmSOE OOHFFICI-M    ( k -1.0 «cactly) 

o 
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i 

<T^ 

\ii.   s 

FTO FQ 
M FA Ff Fw/2 -Fw 

1.75 2.97,0 -4.54,7 -6.03,2 -6.03,2 
1.80 2.89,3 -4.68,6 -6.13,3 -6.13,3 
1.85 2.82,6 -4.83,5 -6.24,8 -6.24,8 
1.90 2.76,6 -4.99,3 -6.37,6 -6.37,6 
1.95 2.71,4 -5.15,9 -6.51,6 -6.51,6 

2.00 2.66,7 -5.33,3 -6.66,7 -6.66,7 
2.05 2.625 -5.51,5 -6.82,8 -6.82,8 
2.10 2 587 -5.70,3 -6.99,7 -6.99,7 
2.15 2.552 -5.89,8 -7.17,5 -7.17,5 
2.20 2.521 -6.10,0 -7.36,1 -7.36,1 

2.25 2.492 -6.30,9 -7.55,5 -7.55,5 
2.30 2.466 -6.52,4 -7.75,6 -7.75,6 
2.35 2.442 -6.74,4 -7.96,5 -7.96,5 
2.40 2.420 -6.97,0 -8.18,0 -8.18,0 
2.45 2.400 -7.20,2 -8.40,2 -8.40,2 

2.50 2.381 -7.44,0 -8.63,1 -8.63,1 
2.55 2.363 -7.68,4 -8.86,6 -8.86,6 
2.60 2.347 -7.93,4 -9.10,7 -9.10,7 
2.65 2.332 -8.18,9 -9.35,5 -9.35,5 
2.70 2.318 -8.44,9 -9.60,8 -9.60,8 

2.75 2.305 -8.71,5 -9.86,7 -9.86,7 
2.80 2.292 -8.98,6 -10.13 -10.13 
2.85 2.281 -9.26,3 -10.40 -10.40 
2.90 2.270 -9.54,5 -10.68 -10.68 
2.95 2.260 -9.83,2 -10.96 -10.96 

3.00 2.250 -10.12 -11.25 -11.25 
3.50 2.178 -13.34 -14.43 -14.43 
4.00 2.133 -17.07 -18.13 -18.13 
4.50 2.104 -21.30 -22.35 -22.35 
5.00 2.083 -26.04 -27.08 -27.08 

6.00 2.057 -37.03 -38.06 -38.06 
7.00 2.042 -50.02 -51.04 -51.04 
8.00 2.032 -65.02 -66.03 -68.03 
9.00 2.025 -82.01 -83.02 -83.02 

10.00 2.020 -101.01 -102.02 -102.02 

2.000 

Table 4.4   INFLUENCE COEFFICIENTS    ( k =1.0 exactly)     (Concluded) 

3 

aagSBWHii'- 
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0 
.05 
.10 
.15 
.20 

.25 
.30 
.35 
.40 
.45 

.50 
.55 
.60 
.65 
.70 

.75 
.80 
.85 
.90 
.95 

1.00 
1.05 
1.10 
1.15 
1.20 

1.25 
1.30 
1.35 
1.40 
1.45 

1.50 
1.55 
1.60 
1.65 
1.70 

0 
-.00,500 
-.02,021 
-.04,609 
-.08,351 

-.13,38 
-.19,87 
-.28,09 
-.38,40 
—.51,30 

-.67,50 
-.8,805 
-1.1,45 
-1.4,94 
-1.9,69 

-2.6,44 
_3.,669 
_5.,395 
-,8.872 
-1,9.35 

2,2.70 
1,2.22 
8.,744 
7..017 

5.9,90 
5.3,12 
4.8,35 
4.4,84 
4.2,15 

4.00,5 
3.83,8 
3.70,2 
3.59,1 
3.50,0 

0 
.0 5,688 
-Oj.Ul 
.03,570 
.001,84 

.004,60 
.009,84 
.01,893 
.03,379 
.05,714 

.09,281 

.14,65 

.22,68 

.3,472 

.5,306 

.8,179 
1.2,92 
2..144 
3.,952 
9..604 

-13..76 
-8..133 
-6..360 
—5.5,57 

-5.1,47 
-4.9,38 
-4.8,47 
-4.8,33 
-4.87,4 

—4.95,6 
-5.07,1 
-5.21,3 
-5.37,8- 
—5.56,3 

0 
.00,251 
.01,022 
.02,362 
.04,353 

.07,147 

.10,92 

.15,94 

.22,58 

.31,36 

.43,03 

.5,868 
.7,994 
1.0,942 
r.5,149 

2.1,40 
3..126 
4.,842 
,8.388 
1,9.27 

-2,5.11 
-1,4.24 
-1,0.73 
-9..066 

-8.1,42 
-7.5,94 
-7.2,65 
-7.0,75 
-6.9,82 

-6.9,59 
-6.99,0 
-7.06,4 
-7.17,3 
-7.31,3 

0 
.00,251 
.01,021 
.02,359 
.04,350 

.07,125 
.10,87 
.15,84 
.22,40 
.31,05 

.42,50 

.5,780 

.7,852 
1.0,716 
1.4,786 

2.0,81 
3..029 
4.,673 
,8.062 
1,8.45 

—2,3.80 
-1,3.43 
-10..07 
—8.,457 

-7.5,52 
-7.0,02 
-6.6,58 
—6.4,44 
-6.3,18 

—6.2,55 
—6.24,0 
-6.26,2 
-6.31,4 
-6.39,0 

1 

V V 

Notes: 
(1)  For values of M from 0 to 3.00, all digits to the left of the comma are valid 

for linear interpolation.   Where no comma is indicated-in this region, all digits are 

valid for linear interpolation. 
(2)  The notation .0 s429 signifies .000429.   The notation 5370, signifies 5,370,000. 

Table 4.5    INFLUENCE COEFFICIENTS ( k = l.l exactly) 

f) 
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M FA Ff 
FTo 

Fw/2 
FQ 

-Fw 

O 

1.75 
1.80 
1.85 
1.90 
1.95 

2.00 
2.05 
2.10 
2.15 
2.20 

2.25 
2.30 
2.35 
2.40 
2.45 

2.50 
2.55 
2.60 
2.65 
2.70 

2.75 
2.80 
2.85 
2.90 
2.95 

3.00 
3.50 
4.00 
4.50 
5.00 

6.00 
7.00 
8.00 
9.00 

10.00 

3.42,4 
3.36,1 
3.30,9 
3.26,6 
3.23,0 

3.20,0 
3.17,6 
3.157 
3.142 
3.131 

3.123 
3.119 
3.117 
3.117 
3.120 

3.125 
3.132 
3.141 
3.151 
3.163 

3.176 
3.191 
3.207 
3.224 
3.243 

3.263 
3.512 
3.840 
4.234 
4.688 

5.760 
7.044 
8.533 
10.23 
12.12 

-5.76,8 
-5.99,0 
-6.22,9 
—6.48,4 
-6.75,4 

-7.04,0 
-7.34,1 
-7.65,7 
—7.98,8 
-8.33,4 

-8.69,6 
-9.07,3 
-9.46,6 
-9.87,5 
-10.30 

-10.74 
-11.20 
-11.68 
-12.17 
—12.68 

-13.21 
-13.76 
-14.33 
—14.91' 
-15.52 

-16.15 
-23.66 
-33.79 
-47.16 
-64.45 

-114.0 
-189.8 
-300.4 
-•455.6 
-666.7 

-7.48,0 
-7.67,1 
-7.88,4 
-8.11,7 
-8.36,9 

-8.64,0 
-8.92,9 
-9.23,5 
-9.56,0 
-9.90,0 

-10.26 
-10.63 
-11.02 
-11.43 
-11.86 

-12.31 
-12.77 
-13.25 
-13.75 
-14.26 

-1480 
-15.36 
—15.93 
-16.52 
-17.14 

-17.78 
—25.42 
-35.71 
-49.27 
-66.80 

-116.9 
-193.4 
-304.6 
-460.7 
-672.7 

-6.48,7 
-6.60,2 
-6.73,2 
-6.87,6 
-7.03,2 

-7.20,0 
-7.37,9 
-7.56,7 
-7.76,4 
-7.97,1 

—8.18,6 
-8.40,9 
-8.63,9 
-8.87,7 
-9.12,3 

-9.37,5 
-9.63,4 
-9.90,0 
-10.17 
-10.45 

-10.74 
-11.03 
-11.33 
-11.63 
-11.94 

-12.26 
-15.76 
-19.84 
-24.48 
-29.69 

-41.76 
-56.04 
-72.53 
—91.23 

-112.12 

(      ) 

Table 4.5    INFLUENCE COEFFICIENTS    ( k »1.1 exactly)   (Concluded) 

883275 O - 50 - 20 
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0 
.05 
.10 
.15 
.20 

.25 
.30 
.35 
.40 
.45 

.50 

.55 
.60 
.65 
.70 

.75 

.80 
.85 
.90 
.95 

1.00 
1.05 
1.10 
1.15 
1.20 

1.25 
1.30 
1.35 
1.40 
1.45 

1.50 
1.55 
1.60 
1.65 
1.70 

0 
-.00,500 
—02,022 
-.04,614 
-.08,367 

-.13,42 
-.19,96 
-.28,26 
-.38,70 
-.51,81 

-.6,833 
-.8,936 
-1.1,66 
—1.5,25 
-2.0,16 

-2.7,16 
_3.,783 
_5.,583 
—,9.217 
-2,0.18 

2,3.88 
1,2.92 
9.,286 
7.,488 

6.4,24 
5.7,26 
5.2,39 
4.8,84 
4.6,16 

4.4,10 
4.24,9 
4.12,2 
4.02,2 
3.94,2 

0 
.06,750 
.0 31,20 
.03,623 
.002,01 

.005,03 

.010,78 

.02,077 

.03,716 

.06,295 

.10,25 
.16,22 
.2,518 
.3,866 
.5,926 

.9,167 
1..453 
2..420 
4.,479 
10..93 

—15..30 
_9.,379 
_7.,369 
-6..470 

—6.0,22 
-5.8,07 
-5.7,29 
-5.7,43 
-5.8,23 

-5.95,4 
—6.12,5 
-6.33,2 
-6.56,9 
-6.83,5 

0 
.00,251 
.01,023 
.02,371 
.04,378 

.07,212 

.11,06 
.16,21 
.23,07 
.32,20 

.44,42 

.6,090 

.8,345 
1.1,49 
1.6,00 

2.2,75 
3.,344 
5..212 
,9.088 
2,1.02 

-2,7.74 
-1,5.84 
-12..01 
-10..21 

-9.2,34 
-8.6,70 
-8.3,49 
—8.1,85 
-8.1,31 

-8.1,59 
-8.2,50 
-8.39,3 
-8.58,0 
-8.80,6 

0 
.00,251 
.01,022 
.02,364 
.04,367 

.07,167 

.10,96 
.16,01 
.22,70 
.31,56 

.43,33 

.5,911 

.8,055 
1.1,03 
1.5,26 

2.1,54 
3..143 
4..861 
,8.407 
1,9:28 

-2,4.99 
-1,4.13 
-10..61 
—8..92S 

-7.9,86 
-7.4,16 
-7.0,62 
-6.8,44 
-6.7,18 

—6.6,60 
-6.65,2 
-6.68,2 
-6.74,4 
—6.83,2 

^ 

for linear interpolation.   Where no comma » »«heated u. th.s reg 

valid for linear interpolation. «»„ifies 5 370,000. 
(2)  The notation .03429 signifies .000429.   The notat.on 5370. s.gmfies 5,37 , 

Table 4.6 INFLUENCE COEFFICIENTS 
( k = 1.2 exactly) 

O 
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S 

1.75 
1.80 
1.85 
1.90 
1.95 

2.00 
2.05 
2.10 
2.15 
2.20 

2.25 
2.30 
2.35 
2.40 
2.45 

2.50 
2-55 
2.60 
2.65 
2.70 

2.75 
2.80 
2.85 
2.90 
2.95 

3.00 
3.50 
4.00 
4.50 
5.00 

6.00 
7.00 
8.00 
9.00 

10.00 

3.87,9 
3.83,0 
3.79,3 
3.76,5 
3.74,5 

3.73,3 
3.72,7 
3.72,7 
3.732 
3.741 

3.754 
3.771 
3.791 
3.814 
3.840 

3.869 
3.900 
3.934 
3.970 
4.008 

4.048 
4.090 
4.134 
4.179 
4.226 

4.275 
4.846 
5.547 
6.364 
7.292 

9.463 
12.05 
15.03 
18.43 
22.22 

-7.12,8 
—7.44,6 
-7.78,8 
-8.15,5 
-8.54,5 

-8.96,0 
-9.39,9 
-9.86,2 
-10.35 
-10.86 

-11.40 
-11.97 
-12.56 
-13.18 
-13.83 

-14.51 
-15.22 
-15.96 
-16.73 
-17.53 

-18.37 
-19.24 
-20.15 
—21.09 
-22.07 

-23.08 
-35.61 
-53.25 
-77.33 

-109.38 

-204.4 
-354.2 
-577.3 
-895.6 
-1333. 

-9.06,8 
-9.36,1 
-9.68,4 
-10.04 
-10.42 

-10.83 
-11.27 
-11.73 
-12.22 
-12.74 

-13.28 
-13.85 
-14.46 
-15.09 
-15.75 

-16.44 
-17.16 
-17.92 
-18.71 
-19.53 

—20.39 
-21.28 
-22.21 
-23.18 
—24.18 

—25.22 
-38.04 
-56.02 
-80.51 

-113.02 

-209.1 
-360.1 
-584.9 
-904.8 
-1344. 

-6.94,2 
-7.07,0 
-7.21,5 
-7.37,5- 
-7.54,8 

-7.73,3 
-7.93,0 
-8.13,7 
-8.35,5 
-8.58,1 

-8.81,7 
-9.06,7 
-9.31,3 
-9.57,4 
-9.84,3 

—10.12 
-10.40 
-10.69 
-10.99 
-11.30 

-11.61 
-11.93 
-12.26 
-12.59 
-12.93 

-13.28 
-17.10 
-21.55 
-26.61 
—32.29 

-45.46 
-61.05 
—79.04 
-99.43 

—122.22 

/ 

„«. 4.6   im»— «-no»»   c *-" —«"   c~aed) 

«." '.-   • 
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FTO FQ 
M FA Ff Fw/2 -FW 

0 0 0 0 0 
.05 -.00,500 .0 5,813 .00,251 .00,251 
.10 -.02,023 .0,1,31 .01,025 .01,023 
.15 -.04,619 .0„676 .02,377 .02,369 
.20 -^.08,383 .002,18 .04,403 .04,383 

.25 -.13,46 .005,47 .07,277 .07,208 
.30 -.20,05 .01,17? .11,19 .11,05 
.35 -.28,43 .02,264 .16,48 .16,18 
.40 -.39,01 .04,057 .23,56 .23,01 
.45 -.52,33 ,.06,889 .33,05 .32,08 

.50 -.69,17 .11,24 .4,582 .44,17 

.00 -.9,067 .17,83 .6,317 .6,042 

.60 -1.1,86 .2,775 .8,703 .8,258 

.65 -1.5,56 .4,273 1.2,05 1.1,33 

.70 -2.0,63 .6,570 1.6,88 1.5,73 

.75 -2.7,88 1.0,20 2.4,14 2.2,26 

.80 -3.,897 1..621 3..570 3.,257 

.85 -5.,772 2..710 5.,596 5..049 

.90 -,9.562 ,5.035 ,9.816 ,8.752 

.95 -2,1.02 1,2.33 2,2.84 2,0.12 

1.00 M 00 <X3 CO 

1.05 2,5.07 -1,7.97 —3,0.50 -2,6.17 
1.10 1,3.62 -1,0.71 -1,7.52 —1,4.82 
1.15 9.,829 -8.,449 —13..36 — H.,15 
1.20 7.,959 -7..450 -11..43 —9.,399 

1.25 6.8,58 -6.9,65 -10..39 -8.4,20 
1.30 6.1,40 -6.7,45 -9.8,15 —7.8,30 
1.35 5.6,43 -6.6,85 -9.5,07 -7.4,66 
1.40 5.2,84 -6.7,32 -9.3,74 —7.2,44 
1.45 5.0,17 —6.8,56 -9.3,65 -7.1,19 

1.50 4.8,15 —7.0,42 -9.4,49 -7.0,65 
1.55 4.66,0 —7.27,8 -9.6,09 -7.06,3 
1.60 4.54,2 —7.55,8 -9.8,30 -7.10,2 
1.65 4.45,2 -7.87,8 -10.1,0 -7.17,5 
1.70 4.38,4 -8.23,5 -10.4,2 —7.27,4 

Notes:    (1)  For values of M from 0 to 3.00, all digits to the left of the comma are valid 

for linear interpolation.   Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2)  The notation .0 3429 signifies .000429.   The notation 5370, signifies 5,370,000. 

Table 4.7    INFLUENCE COEFFICIENTS    ( k =1.3 exactly) 

,'1 
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FTO FQ 
M FA Ff Fw/2 -Fw 

1.75 4.33,4 -8.62,7 -10.79 -7.39,6 
1.80 4.29,9 —9.05,3 -11.20 -7.53,9 
1.85 4.27,6 -9.51,3 —11.65 -7.69,9 
1.90 4.26,4 -10.01 —12.14 -7.87,4 
1.95 4.26,1 -10.53 -12.67 -8.06,4 

2.00 4.26,7 -11.09 -13.23 -8.26,7 
2.05 4.27,9 -11.69 -13.83 -8.48,1 
2.10 4.29,7 —12.32 -14.47 -8.70,8 
2.15 4.32,2 -12.99 -15.15 -8.94,5 
2.20 4.35,1 -13.69 -15.86 -9.19,1 

2.25 4.385 -14.43 -16.62 -9.44,7 
2.30 4.423 —15.21 -17.42 -9.71,3 
2.35 4.465 —16.03 -18.26 -9.98,8 
2.40 4.511 -16.89 -19.1,4 -10.27 
2.45 4.560 -17.7,9 -20.0,7 -10.56 

2.50 4.613 -18.7,4 -21.0,5 -10.86 
2.55 4.669 -19.7,3 —22.0,7 -11.17 
2.60 4.728 -20.7,7 -23.1,4 —11.49 
2.65 4.789 -21.8,6 -24.2,5 -11.81 
2.70 4.853 —22.9,9 -25.4,2 —12.14 

2.75 4.919 -24.1,8 -26.6,4 —12.48 
2.80 4.988 -25.4,2 -27.9,1 -12.83 
2.85 5.059 -26.7,1 -29.2,4 -13.18 
2.90 5.133 -28.0,6 -30.6,3 -13.54 
2.95 5.209 -29.4,7^ —32.0,7 -13.91 

3.00 5.288 -30.93 -33.58 -14.29 
3.50 6.179 -49.20 —52.29 -18.43 
4.00 7.253 -75.44 -79.06 -23.25 
4.50 8.495 -111.8 —116.1 -28.74 
5.00 9.896 -160.8 -165.8 -34.90 

6.00 13.17 -308.1 -314.7 -49.17 
7.00 17.05 -543.0 -551.5 -66.05 
8.00 21.54 -895.9 -906.7 -85.54 
9.00 26.63 -1402. -1415. -107.6 

10.00 32.32 -2101. -2117. -132.3 

^ o 

Table 4.7    INFLUENCE COEFFICIENTS    ( k=1.3 exactly)   (Concluded) 

o 

——\ .—,-,. 
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\p   'h 

FTO FQ 
M M2 1-M2 FA Ff Fw/2 -FW 

0 0 1.0000 0 0 0 0 
.01 .0001 .9999 -.0,2,00 .0T,140 .0 ,1,00 .0,1,00 
.02 .0004 .9996 -.0,8,00 .0..224 .0,4,00 .0,4,00 
.03 .0009 .9991 —.0018,0 .0*1,14 .0,9,02 .0,9,01 
.04 .0016 .9984 —.0032,1 .0S3,59 .0016,1 .0016,1 

.05 .0025 .9975 -.0050,1 .0j8,78 .0025,1 .0025,2 

.06 .0036 .9964 -.0072,3 .0 4,82 .0036,3 .0036,3 

.07 .0049 .9951 -.0098,6 .0,3,38 .0049,6 .0049,6 

.08 .0064 .9936 —.0129,0 .0,5,78 .0065,1 .0065,0 

.09 .0081 .9919 -.0163,6 .0,9,28 .0082,7 .0082,6 

.10 .0100 .9900 -.0202,4 .0,14,2 .0102,6 .0102,4 

.11 .0121 .9879 -.0245,5 .0,20,8 .0124,9 .0124,6 

.12 .0144 .9856 -.0293,0 .0,29,5 .0149,4 .0149,0 

.13 .0169 .9831 -.034,49 .0,40,8 .0176,5 .0175,9 

.14 .0196 .9804 —.040,14 .0,55,1 .0206,2. .0205,4 

.15 .0225 .9775 -.046,24 .0,72,8 .0238,5 .0237,4 

.16 .0256 .9744 -.052,81 .0,94,6 .0273,5 .0272,1 

.17 .0289 .9711 -.059,86 .0012,1 .0311,4 .0309,6 

.18 .0324 .9676 -.067,40 .0015,3 .0352,3 .0350,0 

.19 .0361 .9639 —.075,44 .0019,1 .0396,3 .0393,4 

.20 .0400 .9600 -.084,00 .0023,5 .0443,5 .0440,0 

.21 .0441 .9559 -.093,08 .0028,7 .0494,1 .0489,8 

.22 .0484 .9516 -.102,71 .0034,8 .0548,3 .0543,1 

.23 .0529 .9471 -.112,89 .0041,8 .0606,2 .0599,9 

.24 .0576 .9424 -.123,65 .0049,8 .0668,1 .0660,5 

.25 .0625 .9375 -.135,00 .0059,0 .0734,1 .0725,0 

.26 .0676 .9324 -.146,96 .0069,5 .0804,3 .0793,6 

.27 .0729 .9271 -.159,55 .0081,4 .087,92 .086,66 

.28 .0784 .9216 -.172,80 .0094,8 .095,89 .094,41 

.29 .0841 .9159 -.186,73 .0109,9 .104,36 .102,63 

.30 .0900 .9100 -.201,36 .0126,8 .113,36 .111,36 

.31 .0961 .9039 -.216,72 .0145,8 .122,94 .120.62 

.32 .1024 .8976 -.232,83 .0166,9 .133,10 .130,44 

.33 .1089 .8911 -.249,73 .0190,4 .143,90 .140,84 

.34 ^1156 .8844 -.267,45 .0216,4 .155,37 .151,86 

.35 .1225 .8775 -.286,03 .0245,3 .167,55 .163,54 

.36 .1296 .8704 -.305,51 .0277,2 .180,47 .175,91 

.37 .1369 .8631 —.325,92 .0312,3 .194,19 .189,02 

.38 .1444 .8556 -.347,29 .0351,0 .208,75 .202,89 

.39 .1521 .8479 -.369,68 .0393,6 .224,20 .217,58 

.40 .1600 .8400 -.393,14 .044,03 .240,60 .233,14 

.41 \1681 .8319 -.417,72 .049,15 .258,01 .249,62 

.42 .1764 .8236 —.443,48 .054,76 .276,50 .267,08 

.43 .1849 .8151 -.470,47 .060,89 .296,13 .285,56 

.44 .1936 .8064 -.498,75 .067,59 .316,96 .305,15 

,JS 

Notes:   (11 For values of M from 0 to 3.00, all digits to the left of the comma are valid 

for linear interpolation.   Where no comma is indicated in this region, all digits are 
valid for linear interpolation. 

(2) The notation .0,429 signifies .000429.  The notation 5370, signifies 5,370,000. 

Table 4.8    INFLUENCE COEFFICIENTS    ( k = 1.4 exactly) 

'•> 

— 

i -. 
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i 

i 

' -h   c 

FTO FQ 
M M2        1-M2 FA Ft Fw/2 -Fw 

.45 .2025 .7975 -.528,40 .074,90 .339,10 .325,90 

.46 .2116 .7884 —.559,50 .082,87 .362,62 .347,90 

.47 .2209 .7791 -.592,12 .091,56 .387,62 .371,22 

.48 .2304 .7696 -.626,34 .101,02 .414,19 .395,94 

.49 .2401 .7599 -.662,27 .111,31 .442,44 .422,17 

.50 .2500 .7500 -.700,00 .122,50 .472,50 .450,00 

.51 .2601 .7399 -.739,64 .134,67 .504,49 .479,54 

.52 .2704 .7296 -.781,31 .147,89 .538,55 .510,92 

.53 .2809 .7191 -.825,14 .162,25 .574,82 .544,25 

.54 .2916 .7084 -.871,27 .177,84 .613,48 .579,68 

.55 .3025 .6975 -.919,86 .194,78 .654,71 .617,36 

.56 .3136 .6864 -.971,07 .213,17 .698,70 .657,46 

.57 .3249 .6751 -1.025,07 .244,13 .745,66 .700,17 

.58 .3364 .6636 -1.082,08 .254,80 .795,84 .745,68 

.59 .3481 .•6519 -1.142,31 .278,34 .849,50 .794,21 

.60 .3600 .6400 -1.206,0 .303,91 .906,91 .846,00 

.61 .3721 .6279 -1.273,4 .331,69 .968,40 .901,33 

.62 .3844 .6156 -1.344,9 .361,88 1.03,431 .960,48 

.63 .3969 .6031 -1.42,07 .394,71 1.10,505 1.02,379 

.64 .4096 .5904 -1.50,12 .430,42 1.18,102 1.09,160 

.65 .4225 .5775 -1.58,68 .469,31 1.26,27 1.16,43 

.66 .4356 .5644 -1.67,80 .511,67 1.35,07 1.24,25 

.67 .4489 .5511 -1.77,53 .557,87 • 1.44,56 1.32,64 

.68 .4624 .5376 -1.87,93 .60,830 1.54,80 1.41,69 

.69 .4761 .5239 -1.99,06 .66,340 1.65,88 1.51,45 

.70 .4900 .5100 -2.10,99 .72,369 1.77,87 1.61,98 

.71 .5041 .4959 -2.23,80 .78,974 1.90,88 1.73,39 

.72 .5184 .4816 —2.37,60 .86,222 2.05,02 1.85,76 

.73 .5329 .4671 -2.52,49 .94,187 2.20,43 1.99,20 

.74 .5476 4524 -2.68,60 1.02,960 2.37,26 2.13,84 

.75 .5625 .4375 -2.86,07 1.12,64 2.55,68 2.29,82 

.76 .5776 .4224 -3.05,08 1.23,35 2.75,89 2.47,32 

.77 .5929 .4071 -3.25,82 1.35,22 2.98,13 2.66,53 

.78 .6084 .3916 -3.48,53 1.48,43 3.22,70 2.87,70 

.79 .6241 .3759 -3.73,50 1.63,17 3.49,92 3.11,09 

.80 .6400 .3600 -4.01,07 1.79,68 3.80,21 3.37,07 

.81 .6561 .3439 -4.31,63 1.98,24 4.14,05 3.66,02 

.82 .6724 .3276 -4.65,70 2.19,20 4.5,205 3.98,46 

.83 "" .6889 .3111 -5.0,390 2.43,00 4.9,494 4.3,501 

.84 .7056 .2944 -5.4,699 2.70,17 5.4,367 4.7,643 

.85 .7225 .2775 —5.9,596 3.0,141 5.9,939 5.2,371 

.86 .7396 .2604 -6.5,207 3.3,759 6.6,363 5.7,812 

.87 .7569 .2431 -7.1,697 3.7,987 7.3,836 6.4,128 

.88 .7744 .2256 -7.9,286 4.2,979 8.2,622 7.1,541 

.89 .7921 .2079 -8.8,272 4.8,944 9.3,080 8.0,351 

Table 4.8 INFLUENCE COEFFICIENTS ( k=1.4 exactly) (Continued) 

fl<« 
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.90 .8100 

.91 .8281 

.92 .8464 

.93 .8649 

.94 .8836 

.95 .9025 

.96 .9216 

.97 .9409 

.98 .9604 

.99 .9801 

1.00 1.0000 
1.01 1.0201 
1.02 1.0404 
1.03 1.0609 
1.04 1.0816 

1.05 1.1025 
1.06 1.1236 
1.07 1.1449 
1.08 1.1664 
1.09 1.1881 

1.10 1.2100 
1.11 1.2321 
1.12 1.2544 
1.13 1.2769 
1.14 1.2996 

1.15 1.3225 
1.16 1.3456 
1.17 1.3689 
1.18 1.3924 
1.19 1.4161 

1.20 1.4400 
1.21 1.4641 
1.22 1.4884 
1.23 1.5129 
1.24 1.5376 

1.25 1.5625 
1.26 1.5876 
1.27 1.6129 
1.28 1.6384 
•1.29 1.6641 

1.30 1.6900 
1.31 1.7161 
1.32 1.7424 
1.33 1.7689 
1.34 1.7956 

.1900 

.1719 

.1536 

.1351 

.1164 

.0975 

.0784 

.0591 

.0396 

.0199 

0 
-.0201 
-.0404 
-.0609 
-.0816 

-.1025 
-.1236 
-.1449 
-.1664 
-.1881 

-.2100 
-.2321 
-.2544 
-.2769 
-.2996 

-9.9,076 
—11.2,304 
_12.,8865 
_15.,0186 
_17.,8651 

—21. ,854 
_27.,844 
-3,7.833 
-5,7.822 
-11,7.811 

12,2.211 
6,2.222 
4,2.233 
32.,244 

26.,256 
22.,267 
19..421 
17..290 
15..634 

14.3,12 
13.2,33 
12.3,36 
11.5,78 
10.9,30 

-.3225 
-.3456 
-.3689 
—.3924 
-.4161 

-.4400 
-.4641 
-.4884 
-.5129 
-.5376 

-.5625 
-.5876 
—.6129 
-.6384 
-.6641 

—.6900 
-.7161 
—.7424 
-.7689 
-.7956 

5.6,176 
6.5,099 
7.6,350 
9..0927 
H.,0499 

13.,806 
17..962 
2,4.918 
3,8.873 
8,0.827 

10.3,708 
9.8,827 
9.4,534 
9.07,32 
8.73,43 

8.49,05 
8.15,70 
7.90,94 
7.68,44 
7.47,93 

7.29,17 
7.11,95 
6.96,10 
6.81,48 
6.67,96 

6.55,43 
6.43,79 
6.32,97 
6.22,89 
6.13,48 

10..571 
12..125 
14..078 
16..602 
19..982 

24.,734 
3,1.884 
4,3.834 
,67.784 
1,39.732 

-8,7.267 
-4,5.315 
-3,1.364 
-24..413 

—20..263 
-17..513 
-15..565 
-14.1,17 
-13.0,03 

—12.1,228 
-11.4,133 
—10.8,318 
—10.3,489 
—9.9,437 

—9.6,008 
—9.30,87 
—9.05,85 
-8.84,34 
—8.65,80 

—8.49,80 
-8.35,98 
-8.24,06 
-8.13,80 
-8.05,01 

-7.97,52 
-7.91,19 
-7.85,91 
-7.81,57 
-7.78,08 

-7.75,37 
-7.73,37 
-7.72,02 
-7.71,28 
-7.71,10 

-1,48.373 
-,76.426 
-5,2.480 
-4,0.535 

-33..391 
_28.,647 
_25.,275 
-22.,762 
-20.8,20 

-19.2,79 
-18.0,30 
-17.0,00 
—16.1,38 
-15.4,09 

-14.7,86 
—14.2,50 
-13.7,85 
—13.3,80 
—13.02,5 

-12.71,3 
-12.43,8 
-12.19,5 
-11.98,0 
-11.79,0 

-11.62,1 
-11.47,1 
-11.33,9 
-11.22,3 
-11.12,1 

-11.03,1 
-10.95,3 
—10.88,5 
-10.82,7 
-10.77,8 

9.0,976 
10.4,023 
12..0401 
14..1538 
16..9815 

20..952 
26.,922 
3,6.892 
5,6.861 
1,16.831 

-1,23.231 
-6,3.263 
-4,3.294 
-33.,326 

_27.,358 
-23.,391 
-20..566 
-18..456 
-16..823 

-15.5,23 
—14.4,65 
-13.5,90 
-12.8,55 
-12.2,30 

-11.6,934 
-11.2,283 
-10.8,223 
-10.46,56 
—10.15,04 

-9.87,06 
-9.62,11 
-9.39,78 
-9.19,73 
-9.01,69 

-8.85,42 
-8.70,71 
-8.57,39 
-8.45,32 
-8.34,37 

-8.24,43 
-8.15,40 
-8.07,21 
-7.99,78 
—7.93,04 

) 
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1.35 
1.36 
1.37 
1.38 
1.39 

1.40 
1.41 
1.42 
1.43 
1.44 

1.45 
1.46 
1.47 
1.48 
1.49 

1.50 
1.51 
1.52 
1.53 
1.54 

1.55 
1.56 
1.57 
1.58 
1.59 

1.60 
1.61 
1.62 
1.63 
1.64 

1.65 
1.66 
1.67 
1.68 
1.69 

1.70 
1.71 
1.75 
1.73 
1.74 

1.75 
1.76 
1.77 
1.78 
1.79 

1.8225 
1.8496 
1.8769 
1.9044 
1.9321 

1.9600 
1.9881 
2.0164 
2.0449 
2.0736 

2.1025 
2.1316 
2.1609 
2.1904 
2.2201 

2.2500 
2.2801 
2.3104 
2.340P 
2.3716 

2.4025 
2.4336 
2.4649 
2.4964 
2.5281 

2.5600 
2.5921 
2.6244 
2.6569 
2.6896 

2.7225 
2.7556 
2.7889 
2.8224 
2.8561 

2.8900 
2.9241 
2.9584 
2.9929 
3.0276 

3.0625 
3.0976 
3.1329 
3.1684 
3.2041 

-.8225 
-.8496 
-,.8769 
-.9044 
-.9321 

-.9600 
-.9881 

-1.0164 
-1.0449 
-1.0736 

-1.1025 
-1.1316 
-1.1609 
-1.1904 
-1.2201 

-1.2500 
-1.2801 
-1.3104 
-1.3409 
-1.3716 

-1.4025 
—1.4336 
—1.4648 
—1.4964 
—1.5281 

— 1.5600 
-1.5921 
—1.6244 
— 1.6569 
—1.6 

-1.7225 
-1.7556 
-1.7889 
— 1.8224 
-1.8561 

-1.8900 
—1.9241 
-1.9584 
-1.9929 
—2.0276 

-2.0625 
—2.0976 
—2.1329 
-2.1684 
—2.2041 

6.04,69 
5.96,47 
5.88,77 
5.815,5 
5.747,7 

5.684,0 
5.624,1 
5.567,8 
5.514,8 
5.464,9 

5.417,9 
5.373,5 
5.331,7 
5.292,3 
5.255,1 

5.220,0 
5.186,9 
5.155,7 
5.126,2 
5.098,4 

5.072,2 
5.047,5 
5.024,3 
5.002,4 
4.981,8 

4.962,5 
4.944,3 
4.927,2 
4.911,2 
4.896,3 

4.882,3 
4.869,3 
4.857,2 
4.845,9 
4.835,5 

4.825,8 
4.816,9 
4.808,8 
4.801,4 
4.794,7 

4.788,6 
4.783,2 
4.778,4 
4.774,2 
4.770,5 

-7.71,44 
-7.72,26 
-7.735,4 
-7.752,5 
-7.773,6 

-7.798,4 
-7.826,9 
-7.858,9 
-7.894,1 
-7.932,4 

-7.973,8 
-8.018,0 
-8.065,0 
-8.114,6 
-8.166,8 

—8.221,5 
-8S78,6 
-8.338,1 
-8.399,9 
-8.464,0 

-8.530,2 
-8.598,6 
-8.669,1 
-8.741,6 
-8.816,2 

-8.892,7 
'-8.971,2 
-9.051,7 
-9.134,1 
-9.218,4 

—9.304,5 
-9.392,5 
—9.482,3 
-9.573,9 
-9.667,4 

-9.762,7 
—9.859,8 
-9.958,6 

-10.059,2 
-10.161,5 

-10.266 
-10.372 
-10.479 
-10.588 
-10.699 

-10.73,8 
-10.70,5 
—10.67,9 
—10.66,0 
-10.64,7 

-10.64,0 
—10.63,9 
-10.64,3 
-10.652 
—10.665 

—10.683 
-10.705 
-10.731 
-10.761 
-10.795 

—10.832 
-10.872 
-10.916 
-10.963 
-11.013 

-11.066 
-11.122 
-11.181 
-11.243 
-11.307 

-11.374 
-11.443 
-11.515 
-11.590 
-11.667 

-11.746 
-11.827 
-11.911 
-11.997 
—12.085 

-12.175 
—12.268 
-12.363 
—12.460 
-12.559 

—12.660 
-12.763 
—12.868 
-12.976 
-13.085 

-7.86,94 
-7.81,43 
-7.76,46 
—7.71,99 
-7.67,98 

-7.644,0 
-7.612,2 
-7.584,2 
-7.559,7 
-7.538,5 

-7.520,4 
-7.505,1 
-7.492,6 
-7.482,7 
-7.475,2 

-7.470,0 
-7.467,0 
-7.466,1 
-7.467,1 
-7.47,0,0 

-7.474,8 
-7.481,2 
-7.489,2 
-7.498,8 
-7.509,9 

—7.522,5 
-7.536,4 
-7.551,7 
-7.568,2 
-7.585,9 

-7.604,8 
-7.624,8 
—7.646,0 
-7.668,3 
-7.691,6 

-7.71=5,8 
-7.741,0 
—7.767,2 
-7.794,3 
-7.882,3 

—7.851,1 
—7.880,8 
-7.911,3 
—7.942,6 
-7.974,6 

Table 4.8 INFLUENCE COEFFICIENTS ( k-1.* exactly) (Continued) 
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sA 

FTO FQ 

M M2 1-M2 FA Ff Fw/2 -Fw 

1.80 3.2400 -2.2400 4.767,4 -10.812 -13.196 -8.007,4 
1.81 3.2761 —2.2761 4.764,8 -10.927 -13.310 -8.040,9 
1.82 3.3124 —2.3124 4.762,8 -11.044 —13.425 -8.075,2 
1.83 3.3489 -2.3489 4.761,3 -11.162 —13.542 -8.110,2 
1.84 3.3856 -2.3856 4.760,3 -11.282 -13.662 -8.145,9 

1.85 3.4225 —2.4225 4.759,7 -11.403 -13.783 -8.182,2 
1.86 3.4596 -2.4596 4.7596 -11.526 -13.906 -8.219,2 
1.87 3.4969 -2.4969 4.7599 -11.651 -14.032 -8.256,8 
1.88 3.5344 —2.5344 4.7607 -11.778 -14.159 -8.295,1 
1.89 3.5721 -2.5721 4.7619 -11.907 -14.288 -8.334,0 

1.90 3.6100 -2.6100 4.7635 -12.038 -14.419 -8.373,5 
1.91 3.6481 -2.6481 4.7655 -12.170 -14.552 -8.413,7 
1.92 3.6864 -2.6864 4.7679 -12.304 -14.688 -8.454,4 
1.93 3.7249 -2.7249 4.7707 -12.440 -14.825 -8.495,7 
1.94 3.7636 -2.7636 4.7739 -12.577 -14.964 -8.537,5 

1.95 3.8025 —2.8025 4.7774 -12.716 -15.105 -8.579,9 
1.96 3.8416 -2.8416 4.7812 -12.857 -15.248 -8.622,8 
1.97 3.8809 -2.8809 4.7854 -13.000 -15.393 -8.666,3 
1.98 3.9204 —2.9204 4.7900 -13.145 -15.540 -8.710,4 
1.99 3.9601 -2.9601 4.7948 -13.292 -15.689 -8.755,0 

2.00 4.0000 -3.0000 4.8000 -13.440 -15.840 -8.800,0 
2.01 4.0401 -3.0401 4.8055 -13.590 -15.993 -8.845,6 
2.02 4.0804 -3.0804 4.8113 -13.742 -16.148 -8.891,7 
2.03 4.1209 -3.1209 4.8174 -13.896 -16.305 -8.938,3 
2.04 4.1616 -3.1616 4.8238 -14.052 -16.464 -8.985,4 

2.05 4.2025 -3.2025 4.8305 -14.210 -16.625 -9.032,9 
2.06 4.2436 -3.2436 4.8374 -14.369 -16.788 -9.081,0 
2.07 4.2849 -3.2849 4.8446 -14.530 -16.953 -9.129,5 
2.08 4.3264 -3.3264 4.8521 -14.694 -17.120 -9.178,5 
2.09 4.3681 -3.3681 4.8598 -14.860 -17.290 -9.227,9 

2.10 4.4100 -3.4100 4.8678 -15.027 -17.461 -9.2778 
2.11 4.4521 -3.4521 4.8761 -15.196 -17.634 -9.3282 
2.12 4.4944 —3.4944 4.8846 -15.367 -17.810 -9.3790 
2.13 4.5369 -3.5369 4.8933 -15.540 -17.987 -9.4302 
2.14 4'.5796 -3.5796 4.9023 -15.715 -18.166 -9.4819 

2.15 4.6225 -3.6225 4.9115 -15.892 -18.348 -9.5340 
2.16 4.6656 -3.6656 4.9210 -16.072 -18.532 -9.5865 
2.17 4.7089 -3.7089 4.9307 -16.253 -18.718 -9.6395 
2.18 4.7524 -3.7524 4.9406 -16.426 -18.906 -9.6930 
2.19 4.7961 -3.7961 4.9507 -16.621 -19.096 -9.7468 

2.20 . 4.8400 -3.8400 4.9610 -16.808 -19.288 -9.8010 
2.21 4.8841 -3.8841 4.9715 -16.997 -19.483 -9.8556 
2.22 4.9284 -3.9284 4.9822 -17.188 -19.679 -9.9107 
2.23 4.9729 -3.9729 4.9932 -17.382 -19.878 -9.9662 
2.24 5.0176 -4.0176 5.0044 -17.578 -20.079 -10.0220 

~* 

Table 4.8 INFLUENCE COEFFICIENTS ( k = 1.4 exactly) (Continued) 
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$ 
1 

- 

FTo FQ 

M M2 1-M2 FA Ff Fw/2 -Fw 

2.25 
2.26 
2.27 
2.28 
2.29 

5.0625 
5.1076 
5.1529 
5.1984 
5.2441 

-4.0625 
-4.1076 
-4.1529 
-4.1984 
—4.2441 

5.0158 
5.0274 
5.0391 
5.0510 
5.0631 

-17.775 
-17.974 
-18.176 
-18.380 
-18.586 

—20.282 
-20.488 
—20.696 
—20.906 
-21.118 

— 10.078 
-10.135 
— 10.192 
—10.249 
-10.307 

2.30 
2.31 
2.32 
2.33 
2.34 

5.2900 
5.3361 
5.3824 
5.4289 
5.4756 

-4.2900 
-4.3361 
—4.3824 
—4.4289 
—4.4756 

5.0754 
5.0879 
5.1006 
5.1135 
5.1265 

-18.794 
-19.004 
-19.217 
—19.432 
—19.649 

-21.332 
-21.549 
-21.768 
-21.989 
-22.213 

-10.365 
—10.424 
—10.483 
—10.542 
—10.602 

2.35 
2.36 
2.37 
2.38 
2.39 

5.5225 
5.5696 
5.6169 
5.6644 
5.7121 

-4.5225 
—4.5696 
—4.6169 
-4.6644 
-4.7121 

5.1397 
5.1531 
5.1666 
5.1803 
5.1942 

-19.868 
—20.090 
-20.314 
-20.540 
-20.769 

-22.439 
-22.667 
—22.897 
-23.130 
-23.366 

—10.662 
-10.723 
-10.784 
-10.845 
—10.906 

2.40 
2.41 
2.42 
2.43 
2.44 

5.7600 
5.8081 
5.8564 
5.9049 
5.9536 

-4.7600 
—4.8081 
—4.8'564 
—4.9049 
-4.9536 

5.2082 
5.2224 
5.2368 
5.2513 
5.2659 

-21.000 
-21.233 
-21.468 
-21.706 
-21.946 

-23.604 
-23.844 
-24.086 
-24.331 
-24.579 

-10.968 
— 11.030 
— 11.093 
—11.156 
-11.220 

2.45 
2.46 
2.47 
2.48 
2.49 

6.0025 
6.0516 
6.1009 
6.1504 
6.2001 

—5.0025 
—5.0516 
—5.1009 
-5.1504 
—5.2001 

5.2807 
5.2957 
5.3109 
5.3262 
5.3416 

-22.188 
-22.433 
-22.681 
-22.931 
-23.183 

—24.829 
-25.081 
-25.336 
-25.594 
-25.854 

-11.283 
—11.347 
— 11.412 
-11.477 
-11.542 

2.50 
2.51 
2.52 
2.53 
2.54 

6.2500 
6.3001 
6.3504 
6.4009 
6.4516 

-5.2500 
—5.3001 
-5.3504 
-5.4009 
-5.4516 

5.3571 
5.3728 
5.3887 
5.4047 
5.4209 

-23.438 
-23.695 
-23.955 
-24.217 
-24.481 

-26.116 
-26.381 
-26.649 
-26.919 
-27.192 

-11.607 
-11.673 
-11.739 
-11.806 
-11.873 

2.55 
2.56 
2.57 
2.58 
2.59 

6.5025 
6.5536 
6.6049 
6.6564 
6.7081 

—5.5025 
—5.5536 
—5.6049 
—5.6564 
-5.7081 

5.4372 
5.4536 
5.4702 
5.4869 
5.5037 

-24-.748 
-25.018 
-25.291 
—25.566 
-25.844 

-27.467 
-27.745 
-28.026 
-28.309 
-28.595 

-11.940 
—12.007 
—12.075 
—12.143 
—12.212 

2.60 
2.61 
2.62 
2.63 
2.64 

6.7600 
6.8121 
6.8644 
6.9169 
6.9696 

-5.7600 
-5.8121 
-5.8644 
-5.9169 
-5.9696 

5.5207 
5.5378 
5.5550 
5.5724 
5.5899 

-26.124 
-26.407 
-26.692 
-26.980 
-27.271 

-28.884 
-29.176 
—29.470 
-29.767 
-30.067 

-12.281 
-12.350 
—12.419 
—12.489 
—12.560 

2.65 
2.66 
2.67 
2.68 
2.69 

7.0225 
7.0756 
7.1289 
7.1824 
7.2361 

-6.0225 
-6.0756 
-6.1289 
-6.1824 
-6.2361 

5.6075 
5.6253 
5.6432 
5.6612 
5.6793 

-27.565 
-27.862 
—28.161 
—28.462 
-28.767 

-30.369 
-30.674 
-30.982 
-31.293 
-31.607 

-12.630 
-12.701 
—12.772 
—12.843 
—12.915 

Table 4.8    INFLUENCE COEFFICIENTS    ( k = 1.4 exactly)   (Continued) 
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v/l 

FT,. FQ 
M M» 1-M* FA F( FW/2 -Fvv 

2.70 7.2000 —6.2HUI) 5.6975 -29.075 -31.924 -12.987 
2.71 7.3441 -0.3441 5.7159 -29.385 -32.244 -13.060 
2.7.2 7.31)84 -6.3984 5.7344 -29.698 -32.566 -13.133 
2.73 7.452!) -6.4529 5.7530 -30.014 -32.891 -13.206 
2.74 7.51)76 -6.5076 5.77 IS -30.333 -33.219 -13.279 

2.7.') 7.5025 -0.5625 5.7907 -30.655 -33.550 -13.353 
2.7(i 7.0170 -6.6176 5.8097 -30.980 -33.884 -13.427 
2.77 7.672!) -6.6729 5.S2SS -31.307 -34.22i -13.502 
2.78 7.7284 -6.7284 5.8480 -31.637 -34.561 -13.576 
2.79 7.7841 -6.7841 5.S674 -31.971 -34.904 -13.651 

2.80 7.8400 -6.8400 5.8869 -32.308 -35.250 -13.727 
2.81 7.8961 -6.8961 5.9065 -32.647 -35.599 -i 3.803 
2.82 7.9524 -6.9524 5.9262 -32.989 -35.952 -13.879 
2.83 8.0089 -7.0089 5.9460 -33.334 -36.308 -13.955 
2.84 8.065« -7.0656 5.9659 -33.683 -36.667 -14.031 

2.85 8.1225 -7.122;. 5.9859 -34.035 -37.028 -14.108 
2.86 8.1796 -7.1796 6.0061 -34.389 -37.392 -14.185 
2.87 8.2369 -7.2369 6.0264 -34.747 -37.760 -14.263 
2.88 8.2944 -7.2944 6.0468 -35.108 -38.131 -14.341 
2.89 8.3521 -7.3521 6.0673 -35.472 —38.506 — 14.419 
2.90 8.4100 -7.4100 6.0879 -35.839 -38.884 -14.498 
2.91 8.4681 -7.4681 6.1080 -36.210 -39.265 -14.577 
2.92 8.5264 -7.5264 6.1294 -36.583 -39.649 -14.656 
2.93 8.5849 -7.5849 6.1504 -36.960 -40.036 -14.735 
2.94 8.6436 -7.6436 6.1715 -37.340 -40.426 -14.815 

2.95 8.7025 -7.7025 6.1926 -37.723 -40.820 -14.895 
2.96 8.7616 -7.7616 6.2138 -38.110 -41.217 -14.975 
2.97 8.8209 -7.8209 6.2352 -38.500 -41.618 — 15.056 
2.98 8.8804 -7.8804 6.2567 -38.893 -42.022 -15 137 
2.99 8.9401 -7.9401 6.2783 -39.290 -42.429 -15218 

3.00 9.00 -8.00 6.3000 -39.690 -42.840 -15.300 
3.50 12.25 -11.25 7.5133 -64.427 -68.184 -19.763 
4.00 16.00 — 15.00 8.9600 -100.352 -104.832 -24.960 
4.50 20.25 -19.25 10.6247 -150.605 -155.918 -30.875 
5.00 25.00 -24.00 12.5000 -218.750 -225.000 -37.500 

6.00 36.00 -35.00 16.869 -425.09 -433.52 -52.869 
7.00 49.00 -48.00 22.050 -756.32 -767.34 -71.050 
8.00 64.00 -63.00 28.038 — 1256.11 -1270.13 -92.038 
9.00 81.00 -80.00 34.830 -1974.86 -1992.28 —115.830 

10.00 100.00 -99.00- 42.424 -2969.69 -2990.91 -142.424 

Table 4,8    INFLUENCE COEFFICIENTS    ( k= 1.4 exactly)   (Concluded) 

<.jto-ai.fato»~ -V-> 
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M FA Ff 
FT« 

F*/2, 
FQ 

-Fw 

0 
.05 
.10 
.15 
.20 

.25 

.30 

.35 

.40 

.45 

.50 
.55 
.60 
.65 
.70 

.75 

.80 

.85 

.90 

1.00 
1.05 
1.10 
1.15 
1.20 

1.25 
1.30 
1.35 
1.40 
1.45 

1.50 
1.55 
1.60 
1.65 
1.70 

0 
.00,500 
.02,027 
..04,638 
-.08,445 

-.13,61 
-.20,38 
-.29,07 
-.40,14 
-.54,23 

-.7,225 
-.9,553 
-1.2,(51 
-1.6,70 
-2.2,37 

-3.0,5« 
-4..318 
-0..468 
-1,0.84 
-2,4.11 

2,9.4« 
1,6.19 
11.,84 
9.,703 

8.4,64 
7.6,72 
7.1,37 
6.7,64 
6.5,00 

6.3,14 
6.1,83 
6.09,7 
6.04,4 
6.01,9 

0 
.0 „104 
.0 3.109 
.0 .„872 
.002,82 

.007,10 

.01,531 

.02,973 

.05,362 

.09,170 

.15,08 

.2,413 

.3,790 

.5,893 

.9,153 

1.4,35 
2..307 
3.,902 
,7.332 
1,8.17 

-2,7.12 
-1,6.36 
-13..07 
-11.,67 

-11.0,4 
-10.8,3 
-10.8,6 
-11.0,7 
— 11.4,1 

-11.8,6 
-12.4,0 
-13.0,3 
-13.7,4 
-14.5,2 

0 
.00,251 
.01,030 
.02,407 
.04,498 

.07,517 

.11,72 
.17,51 
.25,43 
.30,28 

.5,121 

.7,189 
1.0,093 
1.4,24 
2.0,34 

• 
2.,963 
4.,466 
7..130 
1,2.75 
3,0.22 

—4,1.85 
—2,4.46 
-18..99 
-16..52 

-15..27 
-14.6,6 
-14.4,3 
-14.4,5 
-14.6,6 

-15.0,2 
-15.5,0 
-16.0,8 
-16.7,6 
-17.5,3 

0 
.00,252 
.01,027 
.02,388 
.04,445 

.07,303 

.11,38 

.16,82 

.24,14 

.33,98 

.4,725 

.0,528 

.9,007 
1.2,48 
1.7,47 

2.4,93 
3.,(578 
S.,745 
1,0.03 
2,3.21 

-3,0.5(5 
-1,7.40 
-13..16 
-n.,14 

-10..03 
-9.3,62 
-8.9,60 
-8.7,24 
-8.6,03 

-8.564 
-8.586 
-8.65,7 
-8.76,7 
-8.90,9 

•!'• o 
Notes:    (1)  For values of M from 0 to 3.00, all digits to the left of the comma are valid 

for linear interpolation.   Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2)  The notation .03429 signifies .000429.   The notation 5370 , signifies 5,370,000. 

Table 4,9    INFLUENCE COEFFICIENTS    ( k = 1.67 exactly) 

( > 
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1.75 
1.80 
1.85 
1.90 
1.95 

2.00 
2.05 
2.10 
2.15 
2.20 

2.25 
2.30 
2.35 
2.40 
2.45 

2.50 
2.55 
2.60 
2.65 
2.70 

2.75 
2.80 
2.85 
2.90 
2.95 

3.00 
3.50 
4.00 
4.50 
5.00 

6.00 
7.00 
8.00 
9.00 

10.00 

6.01,6 
6.03,3 
6.06,5 
6.11,1 
6.17,0 

6.24,0 
6.32,0 
6.40,8 
6.50,4 
6.60,8 

6.71,9 
6.83,6 
6.96,0 
7.09,0 
7.22,5 

7.36,6 
7.51,2 
7.66,3 
7.81,9 
7.97,9 

8.144 
8.313 
8.487 
8.665 
8.847 

9.034 
11.11 
13.57 
16.38 
19.53 

26.87 
35.56 
45.59 
56.97 
69.70 

-15.3,8 
-16.3,2 
-17.3,3 
-18.4,2 
-19.5,9 

-20.8,4 
-22.1,8 
-23.6,0 
—25.1,1 
-26.7,1 

-28.4,0 
-30.2,0 
-32.1,0 
-34.1,0 
-36.2,1 

-38.4,4 
-40.7,9 
-43.2,6 
—45.8,5 
—48.5,7 

-51.4,2 
-54.4,2 
-57.5,6 
—60.8,5 
-64.2,9 

—67.89 
-113.7 
—181.3 
-276.9 
-407.7 

-807.6 
-1455. 
-2436. 
-3853. 
-5820. 

-18.3,9 
-19.3,4 
-20.3,7 
-21.4,8 
-22.6,8 

-23.9,7 
-25.3,4 
-26.8,0 
-28.3,6 
-30.0,1 

-31.7,6 
-33.6,2 
—35.5,8 
-37.6,5 
-39.8,3 

-42.1,2 
-44.5,4 
-47.0,8 
-49.7,5 
-52.5,6 

—55.5,0 
—58.5,8 
—61.8,0 
-65.1,8 
-68.7,1 

—72.41 
-119.2 
—188.0 
-285.1 
—417.5 

-821.0 
—1472. 
—2459. 
-3882. 
-5854. 

-9.07,9 
-9.27,3 
-9.48,8 
-9.72,2 
-9.97,3 

-10.24 
-10.52 
-10.82 
-11.13 
-11.45 

-11.78 
-12.12 
-12.48 
-12.85 
-13.23 

-13.62 
-14.01 
-14.42 
-14.84 
-15.27 

-15.71 
-16.16 
-16.61 
-17.07 
-17.55 

-18.03 
—23.36 
-29.57 
—36.63 
-44.53 

-62.87 
-84.56 

—109.6 
-137.8 
-169.7 

3 

Table 4.9 INFLUENCE 
COEFFICIENTS ( k = 1.67 exactly) (Concluded) 

L 
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V 

A     p 
M M* P/P» p/po T/To A/A* F/F* A*' po 

0 0 1.000,0 1.000,0 1.000 X 00 oc 

.05 .05 .998,9 .998,9 1.000 12..146 10..025 12., 136 

.10 .10 .995,1 .995,1 1.000 6..096 5..050 6..065 

.15 .15 .988,8 .988,8 1.000 4..089 3..408 4..044 

.20 .20 .980,2 .980,2 •1.000 3.0,94 2.6,00 3.0,33 

.25 .25 .969,3 .969,3 1.000 2.5,03 2.1,25 2.4,26 

.30 .30 .956,1 .956,1 1.000 2.1,15 1.8,17 2.0,22 

.35 .35 .940,6 .940,6 1.000 1.8,42 1.6,04 1.7,33 

.40 .40 .923,1 .923,1 1.000 1.6,43 1.45,0 1.5,16 
-~ .45 .45 .903,7 .903,7 1.000 1.49,1 1.33,6 1.34,8 

.50 .50 .882,5 .882,5 1.000 1.37,5 1.25,0 1.21,31 

.55 .55 .850,7 .859,7 1.000 1.28,3 1.18,4 1.10,28 

.60 .60 .835,3 .835,3 1.000 1.21,0 1.13,3 1.01,09 

.65 .65 .809,6 .809,6 1.000 1.15,3 1.09,42 .93,31 

.70 .70 .782,7 .782,7 1.000 1.10,7 1.06,43 .86,65 

.75 .75 .754,9 .754,9 1.000 1.07,14 1.04,17 .80,87 

.80 .80 .726,2 .726,2 1.000 1.04,41 1.02,50 .75,82 

.85 .85 .6968 .6968 1.000 1.02,40 1.013,2 .71,36 

.90 .90 .6670 .6670 1.000 1.01,04 1.005,6 .673,9 

.95 .95 .6369 .6369 1.000 1.00,25 1.001,3 .638,5 

1.00 1.00 .6065 .6065 1.000 1.00,00 1.000,0 .606,5 
1.05 1.05 .5762 .5762 1.000 1.00,25 1.001,2 .577,7 
1.10 1.10 .5461 .5461 1.000 1.00,97 1.004,5 .551,4 
1.15 1.15 .5163 .5163 1.000 1.02,17 1.009,8 .527,4 
1.20 1.20 .486,8 .486,8 1.000 1.03,84 1.016,7 .505,4 

1.25 1.25 .457,8 .457,8 1.000 1.05,98 1.025,0 .485,2 
1.30 1.30 .429,5 .429,5 1.000 1.08,61 1.034,6 .466,6 
1.35 1.35 .402,0 .402,0 1.000 1.11,7 1.045,3 .449,3 
1.40 1.40 .375,3 .375,3 1.000 1.15,4 1.057,1 .433,2 
1.45 1.45 .349,5 .349,5 1.000 1.19,7 1.069,8 .418,3 

1.50 1.50 .324,7 .324,7 1.000 1.24,5 1.083,3 .404,4 
1.55 1.55 .300,8 .300,8 1.000 1.30,0 1.097,6 .391,3 
1.60 1.60 .278,0 .278,0 1.000 1.36,3 1.113 .379,1 
1.65 1.65 .256,3 .256,3 1.000 1.43,4 1.128 .367,6 
1.70 1.70 .235,7 .235,7 1.000 1.51,4 1.144 .356,8 

Jl 
Notes:    (1) For values ot m from 0 to 3.00, all digits to the left of the conma are valid 

for linear interpolation.   Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2) The notation .0 a429 signifies .000429.   The notation 5370, signifies 5,370,000. 

Table 4-,10    ISENTROPIC PLOW    ( Perfect Gas, k = 1.0 exactly) 
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A     p 
M M* p/po p/po T/To A/A* F/F* A*' po 

1.75 1.75 .216,3 .216,3 1.000 1.60,3 1.161 .346,6 
1.80 1.80 .197,9 .197,9 1.000 1.70,3 1.178 .337,0 
1.85 1.85 .180,6 .180,6 1.000 1.81,5 1.195 .327,9 
1.90 1.90 .164,5 .164,5 1.000 1.94,1 1.213 .319,2 
1.95 1.95 .149,4 .149,4 1.000 2.08,2 1.231 .311,0 

2.00 2.00 .135,3 .135,3 1.000 2.24,1 1.250 .3033 
2.05 2.05 .122,3 .122,3 1.000 2.41,9 1.269 .2959 
2.10 2.10 .110,2 .110,2 1.000 2.62,0 1.288 .2888 
2.15 2.15 .099,14 .099,14 1.000 2.84,6 1.307 .2821 
2.20 2.20 .088,92 .088,92 1.000 3.10,0 1.327 .2757 

2.25 2.25 .079,56 .079,56 1.000 3.38,8 1.347 .2696 
2.30 2.30 .071,00 .071,00 1.000 3.71,4 1.367 .2637 
2.35 2.35 .063,21 .063,21 1.000 4.0,83 1.387 .2581 
2.40 2.40 .056,14 .056,14 1.000 4.5,02 1.408 .2527 
2.45 2.45 .049,73 .049,73 1.000 4.9,79 1.429 .2475 

2.50 2.50 .043,94 .043,94 1.000 5.5,22 1.450 .2426 
2.55 2.55 .038,73 .038,73 1.000 6.1,42 1.471 .2379 
2.60 2.60 .034,05 .034,05 1.000 6.8,52 1.492 .2333 
2.65 2.65 .029,86 .029,86 1.000 7.6,65 1.513 .2289 
2.70 2.70 .0261,2 .0261,2 1.000 8.6,00 1.535 .2247 

2.75 2.75 .0227,9 .0227,9 1.000 9.6,76 1.557 .2206 
2.80 2.80 .0198,4 .0198,4 1.000 10.9,2 1.579 .2166 
2.85 2.85 .0172,3 .0172,3 1.000 12.3,5 1.600 .2128 
2.90 2.90 .0149,2 .0149,2 1.000 14.0,2 1.622 .2092 
2.95 2.95 .0128,9 .0128,9 1.000 15.9,5 1.644 .2056 

3.00 3.00 .01111 .01111 1.000 18.20 1.667 .2022 
3.50 3.50 .00219 .00219 1.000 79.22 1.893 .1733 
4.00 4.00 .0,335 .0 3335 1.000 452.0 2.125 .1516 
4.50 4.50 .04401 .0j401 1.000 3364 2.361 .1348 
5.00 5.00 .0j373 .05373 1.000 32550 2.600 .1213 

6.00 6.00 .07152 .07152 1.000 6640, 3.083 .1010 
7.00 7.00 .0, »229 .01 »229 1.000 3780, 3.571 .08665 
8.00 8.00 .0,,127 .0,:127 1.000 5990, o 4.062 .07578 
9.00 9.00 .0,7258 .0,7258 1.000 2620,, 4.556 .06741 

10.00 10.00 .0..193 .0j,193 1.000 314018 5.050 .06065 

OC OC 0 0 1.000 CC OC 0 

D 

1 

Table 4.10 ISENTROPIC FLOW (Perfect Gas, k = 1.0 exactly) (Concluded) 
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Ü 

0 0 1.000,0 1.000,0 1.0000 oe CC ä 

.05 .05123 .998,6 .998,8 .9999 H.,999 9.,785 11.,982 

.10 .1024 .994,5 .995,0 .9995 6.,023 4..93I 5.,990 

.15 .1536 .987,7 .988,8 .9989 4..042 3.,332 3.,992 

.20 .2047 .978,3 .980,2 .9980 3.0,59 2.5,45 2.9,93 

.25 .2558 .966,3 .969,3 .9969 2.4,76 2.0,83 2.3,93 

.30 .3067 .951,8 .956,1 .9955 2.0,94 1.7,84 1.9,93 

.35 .3575 .935,0 .940,8 .9939 1.8,25 1.5,77 1.7,07 

.40 .4082 .916,1 .923,4 .9921 1.6,28 1.42,9 1.4,92 

.45 .4588 .895,1 ' .904,2 .9900 1.48,0 1.31,9 1.32,5 

.50 .5092 .872,3 .883,2 .9877 1.36,5 1.23,7 1.19,08 

.55 .5594 .847,8 .860,6 .9851 1.27,5 1.17,4 1.08,12 

.60 .6094 .821,8 .836,6 .9823 1.20,4 1.12,5 .98,97 

.65 .6592 .794,5 .811,3 .9793 1.14,8 1.08,82 .91,21 

.70 .7087 .766,2 .785,0 .9761 • 1.10,4 1.05,99 .84,56 

.75 .7579 .737,0 .757,8 .9727 1.06,89 1.03,87 .78,78 

.80 .8069 .7071 .729,8 .9690 1.04,25 1.02,31 .73,72 

.85 .8557 .6768 .7013 .9651 1.02,31 1.012,2 .69,24 

.90 .9041 .6462 .6724 .9610 1.01,00 1.005,1 .652,6 

.95 .9522 .6154 .6431 .9568 1.00,24 1.001,2 ... .616,9 

1.00 1.0000 .5847 .6139 .9524 1.00,00 1.000,0 .584,7 
1.05 1.0474 .5542 .5847 .9478 1.00,23 1.001,1 .555,5 
1.10 1.0945 .524,0 .5557 .9430 1.009,2 1.004,1 .528,9 
1.15 1.141 .494,4 .5271 .9380 1.020,4 1.008,7 .504,6 
1.20 1.188 .465,4 .498,9 „9328 1.036,0 1.014,8 .482,2 

1.25 1.234 .437,1 .471,3 .9275 1.055,9 1.022,1 .461,6 
1.30 1.279 .409,7 .444,3 .9221 1.08,01 1.030,5 .442,5 
1.35 1.324 .383,2 .418,0 .9165 1.10,88 1.039,7 .424,9 
1.40 1.369 .357,6 .392,6 .9107 1.14,21 1.049,7 .408,4 
1.45 1.413 .333,0 .368,0 .9048 1.18,02 1.060,4 .393,0 

1.50 1.457 .309,5 .344,3 .8989 1.22,3 1.071,7 .378,7 
1.55 1.501 .287,1 .321,6 .8928 1.27,2 1.0836 .365,2 
1.60 1.544 .265,8 .299,9 .8865 1.32,6 1.0958 .352,6 
1.65 1.586 .245,6 .279,1 .8801 1.38,7 1.108 .340,7 
1.70 1.628 .226,6 .259,3 .8737 1.45,4 1.121 .329,4 

Notes:   (1)  For values of M from 0 to 3.00, all digits to the left of the comma are valid 

for linear interpolation.   Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2)  The notation .0,429 signifies .000429.   The notation 5370 4 signifies 5,370,000. 

Table 4.11    ISENTR0PIC FLOW    (Perfect Gas, k=l.l exactly) 

883275 O - 50 - 21 

\ 



Page 4.92 

-a=^ 

Handbook of Supersonic Aerodynamics 

A     p 
M M* P/P° p/po T/To A/A* F/F* A*' po 

1.75 1.670 .208,6 .240,6 .8672 1.52,8 1.134 .318,8 
1.80 1.711 .191,7 .222,8 .8606 1.61,0 1.147 .308,8 
1.85 1.752 .175,9 .206,0 .8539 1.70,1 1.161 .299,3 
1.90 1.792 .161,2 .190,2 .8471 1.80,1 1.175 .290,2 
1.95 1.832 .147,4 .175,4 .8402 1.91,1 1.189 .281,6 

2.00 1.871 .134,6 .161,5 .8333 2.03,2 1.203 .2735 
2.05 1.910 .122,7 .148,5 .8264 2.16,5 1.217 .2657 
2.10 1.948 .111,7 .136,3 .8194 2.31,2 1.231 .2582 
2.15 1.986 .101,5 .125;0 .8123 2.47,3 1.245 .2511 
2.20 2.023 .092,18 .114,5 .8052 2.65,1 1.259 .2444 

2.25 2.060 .083,57 .104,73 .7980 2.84,6 1.273 .2379 
2.30 2.096 .075,66 .095,68 .7908 3.06,1 1.286 .2317 
2.35 2.132 .068,42 .087,31 .7836 3.29,9 1.300 .2257 
2.40 2.167 :061,79 .079,59 .7764 3.56,0 1.314 .2200 
2.45 2.202 .055,74 .072,47 .7692 3.84,8 1.328 .2145 

2.50 2.236 .050,22 .065,92 .7619 4.16,5 1.342 .2092 
2.55 ' 2.270. .045,20 .059,90 .7546 4.51,5 1.356 .2041 
2.60 2.303 .0406,4 .054,38 .7473 4.90,2 1.369 .1992 
2.65 2.336 .0365,0 .0493,2 .7401 5.3,28 1.382 .1945 
2.70 2.368 .0327,6 .0447,0 .7329 5.7,99 1.395 .1900 

2.75 2.400 .0293,6 .0404,7 .7256 6.3,20 1.408 .1856 
2.80 2.432 .0263,0 .0366,1 .7184 6.8,95 1.422 .1814 
2.85 2.463 .0235,4 .0331,0 .7112 7.5,32 1.435 .1773 
2.90 2.493 .0210,4 .0298,9 .7040 8.2,37 1448 .1733 
2.95 2.523 .0188,0 .0269,8 .6968 9.0,13 1.460 .1695 

3.00 2.553 .01679 .02434 .6897 9.880 1.472 .1658 
3.50 2.824 .00522 .00841 .6202 25.83 1.589 .1348 
4.00 3.055 .00156 .00280 .5556 71.74 1.691 .1116 
4.50 3.250 .0,456 .0,918 .4969 205.7 1.779 .09382 
5.00 3.416 .0,134 .0,301 .4444 597.3 1.854 .08004 

6.00 3.674 .0421 .0,338 .3571 4911 1.973 .05942 
7.00 3.862 \0jl21 .05419 .2899 37920 2.060 .04588 
8.00 4.000 .0 «139 .0 6585 .2381 2630, 2.125 .03653 
9.00 4.104 .07184 .07927 .1980 1610, 2.174 .02971 

10.00 4.183 .08275 .0,165» .1667 8890, 2.211 .02444 

1 

«  4.583 2.400 

>A 

Table 4.11 ISENTR0PIC FLOW (Perfect Gas, k=l.l exactly) (Concluded) 

O 

L 



Handbook of Supersonic Aerodynamics Page 4.93 

Y 

» 

I 

A     D 
M M* P/P° p/po T/To A/A* F/F* A* * po 

0 0 1.000,0 1.000,0 1.000,0 CO CO CO 

.05 .05243 .998,5 .998,8 .999,8 11.,857 9.,562 H.,839 

.10 .1048 .994,0 .995,0 .999,1 5.,953 4.,822 5..917 

.15 .1571 .986,6 -.988,8 .997,8 3.,996 3..260 3.,942 

.20 .2093 .976,3 .980,2 .996,0 3.0,26 2.4,93 2.9,54 

.25 .2614 .963,3 .969,3 .993,8 2.4,51 2.0,44 2.3,61 

.30 .3133 .947,7 .956,2 .991,1 2.0,73 1.7,53 1.9,65 

.35 .3649 .929,6 .940,9 .987,9 1.8,09 1.5,53 1.6,81 

.40 .4162 .909,2 .923,6 .984,3 1.6,15 1.40,9 1.4,68 

.45 .4672 .886,7 .904,6 .980,2 1.46,9 1.30,4 1.30,2 

.50 .5179 .862,3 .883,9 .9756 1.35,6 1.22,4 1.17,0 

.55 .5683 .836,3 .861,6 .9706 1.26,8 1.16,4 1.06,06 

.60 .618,3 .808,8 .837,9 .9653 1.19,9 1.11,8 .96,94 

.65 .667,8 .780,1 .813,1 .9595 1.14,4 1.08,26 .89,22 

.70 .716,8 .750,5 .787,3 .9533 1.10,0 1.05,59 .82,58 

.75 .765,4 .720,1 .760,6 .9467 1.06,66 1.03,60 .76,81 

.80 .813,4 .6892 .733,3 .9398 1.04,10 1.021,4 .71,74 

.85 .860,9 .6580 .7055 .9326 1.02,22 1.011,2 .67,26 

.90 .907,8 .6267 .6774 .9251 1.00,96 1.004,7 .632,7 

.95 .954,2 .5954 .6492 .9172 1.00,23 1.001,1 .596,8 

1.00 1.000,0 .564,4 .6209 .9091 1.00,00 1.000,0 .564,4 
1.05 1.045,1 .533,9 .5928 .9007 1.002,2 1.001,0 .535,1 
1.10 1.089,6 .503,9 .5649 .8921 1.008,7 1.003,7 .508,"3 
1.15 1.134 .474,6 .537,4 .8832 1.019,4 1.007,9 .483,8 
1.20 1.177 .446,1 .510,4 .8741 1.034,0 1.013,3 .461,3 

1.25 1.219 .418,5 .483,9 .8648 1.052,5 1.019,7 .440,5 
1.30 1.261 .391,8 .458,1 .8554 1.074,9 1.027,0 .421,2 
1.35 1.302 .366,2 .433,0 .8458 1.101 1.035,0 .403,3 
1.40 1.342 .341,7 .408,7 .8361 1.131 1.043,7 .386,7 
1.45 1.382 .318,2 .385,2 .8263 1.166 1.0529 .371,2 

1.50 1.421 .295,9 .362,5 .8163 1.20,5 1.0625 .356,6 
1.55 1.459 .274,7 .340,7 .8063 1.24,8 1.0724 .343,0 
1.60 1.497 .254,7 .319,9 .7962 1.29,6 1.0826 .330,2 
1.65 1.534 .235,8 .300,0 .7860 1.34,9 1.0930 .318,1 
1.70 1.570 .218,0 .281,0 .7758 1.40,7 1.1036 .306,7 

Notes:    (1)  For values of M from 0 to 3.00, all digits to the left of the comma are .valid 

for linear interpolation.   Where no comma is indicated in this region, all digits a;'e 

valid for linear interpolation. 
(2)  The notation .0 a429 signifies .000429.   The notation 5370, signifies 5,370,000. 

Table 4.12    ISENTR0PIC FLOW    (Perfect Gas, k = 1.2 exactly) 
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V ' 

' sA 

A      p 
M M* p/po p/po T/To A/A* F/F* A*" po 

1.75 1.606 .201,3 .262,9 .7656 1.47,0 1.114 .296,0 
1.80 1.641 .185,6 .245,8 .7553 1.53,9 1.125 .285,8 
1.85 1.675 .171,0 .229,5 .7450 1.61,5 1.136 .276,2 
1.90 1.708 .157,3 .214,1 .7347 1.69,8 1.147 .267,1 
1.95 1.741 .144,6 .199,6 .7245 1.78,7 1.158 .258,4 

2.00 1.773     _ .132;8 .185.9 .7143 1.88,4 1.168 .2502 
2.05 1.804 .121,8 .173,0 .7041 1.98,9 1.179 .2423 
2.10 1.835 .111,7 .160,9 .6940 2.10,3 1.190 .2348 
2.15 1.865 .102,3 .149,6 .6839 2.22,6 1.201 .2277 
2.20 1.894 .093,62 .139,0 .6739 2.35,9 1.212 .2209 

2.25 1.923 .085,63 .129,0 .6639 2.50,4 1.222 .2144 
2.30 1.951 .078,26 .119,7 .6540 2.66,0 1.232 .2082 
2.35 1.978 .071,48 .111,0 .6442 2.82,9 L242 .2022 
2.40 2.005 .065,26 .102,9 .6345 3.01,1 1.252 .1965 
2.45 2.031 .059,55 .095,29 .6249 3.20,8 1.262 .1910 

2.50 2.057 .0543,1 .088,25 .6154 3.42,1 1.272 .1858 
2.55 2.082 .0495,1 .081,70 .6060 3.65,0 1.282 .1808 
2.60 2.106 .0451,2 .0756,2 .5967 3.89,8 1.291 .1759 
2.65 2.130 .0411,0 .0699,7 .5875 4.16,6 1.300 .1712 
2.70 2.154 .0374,3 .0647,2 .5784 4.45,5 1.309 .1667 

2.75 2.177 .0340,8 .0598,5 .5694 4.76,7 1.318 .1624 
2.80 2.199 .0310,2 .0553,4 .5605 5.10,3 1.327 .1583 
2.85 2.220 .0282,3 .0511,6 .5518 5.46,6 1.335 .1543 
2.90 2.241 .0256,9 .0472,9 .5432 5.85,8 1.343 .1505 
2.95 2.262 .0233,7 .0437,0 .5347 6.28,0 1.352 .1467 

3.00 2.283 .02126 .04039 .5263 6.735 1.360 .1432 
3.50 2.461 .00824 .01834 .4494 13.76 1.434 .1134 
4.00 2.602 .00324 .00842 .3846 28.35 1.493 .09178 
4.50 2.714 .00130 .00395 .3306 57.96 1.541 .07563 
5.00 2.803 .03544 .00190 .2857 116.3 1.580 .06327 

6.00 2.934 .03106 .03486 .2174 434.7 1.637 .04608 
7.00 3.023 .0 <237 .0jl40 .1695 1458 1.677 .03456 
8.00 3.084 .0j609 .0<451 .1351 4451 1.704 .02711 
9.00 3.129 .0S176 - .0,160 .1099 12411 1.724 .02184 

10.00 3.162 .06564 .05621 .09091 31659 1.739 .01789 

3.317 1.809 

3 

~) 

Table 4.12    ISENTR0PIC FLOW    (Perfect Gas, k= 1.2 exactly)   (Concluded) 
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r 

c 

o 

A     p 
M M* p/po p/po T/To A/A* F/F* A*' po 

0 0 1.000,0 1.000,0 1.000,0 SC X X 

.05 .05361 .998,4 .998,8 .999,6 11.,721 9.,354 11.,702 

.10 .1072 .993,6 .995,1 .998,5 5.,885 4..720 5.,848 

.15 .1606 .985,5 .988.9 .996,6 3.,952 3., 194 3.,895 

.20 .2138 .974,4 .980,3 .994,0 2.9,94 2.4,45 2.9,17 

.25 .2668 .960,3 .969,4 .990,7 2.4,26 2.0,07 2.3,30 

.30 .3195 .943,5 .956,3 .986,7 2.0,54 1.7,24 1.9,38 

.35 .3719 .924,1 .941,1 .982,0 1.7,93 1.5,30 1.6,57 

.40 .423,9 .902,3 .924,0 .976,6 1.6,02 1.39,1 1.4,46 

.45 .475,4 .878,4 .905,1 .970,5 1.45,9 1.28,9 1.28,1 

.50 .526,4 .852,6 .884,5 .963,8 1.34,8 1.21,3 1.14,91 

.55 .576,9 .825,1 .862,5 .956,6 1.26,1 1.15,5 1.04,07 

.60 .626,7 .796,2 .839,2 .948,8 1.19,3 1.11,1 .95,01 

.65 .675,9 .766,2 .814,8 .940,4 1.13,9 1.07,77 .87,31 

.70 .724,5 .735,4 .789,5 .931,5 1.09,72 1.05,24 .80,69 

.75 .772,4 .7040 .763,4 .922,2 1.06,44 1.03,36 .74,93 

.80 .819,5 .6723 .7367 .9124 1.03,95 1.019,9 .69,88 

.85 .865,8 .6403 .7096 .9022 1.02,14 1.010,4 .65,40 

.90 .911,3 .6084 .6823 .8917 1.00,92 1.004,3 .614,0 

.95 .956,1 .576,8 .6549 .8808 1.00,22 1.001,0 .578,1 

1.00 1.000,0 .545,7 .6276 .8696 1.000,0 1.000,0 .545,7 
1.05 1.043,0 .515,2 .6004 .8581 1.002,1 1.000,9 .516,3 
1.10 1.085,2 .485,4 .5735 .8464 1.008,3 1.003,4 .489,5 
1.15 1.127 .456,5 .547,0 .8345 1.018,3 1.007,2 .464,9 
1.20 1.167 .428,5 .521,0, .8224 1.032,1 1.012,0 .442,3 

1.25 1.206 .401,5 .495,6 .8102 1.049,5 1.017,7 .421,4 
1.30 1.245 .375,6 .470,9 .7978 1.070,4 1.024,1 .402,1 
1.35 1.283 .350,9 .446,8 .7853 1.094,8 1.031,2 .384,2 
1.40 1.320 .327,3 .423,5 .7728 1.123 1.0388 .367,5 
1.45 1.356 .304,9 .401,0 .7603 1.154 1.0467 .351,9 

1.50 1.391 .283.6 .379,3 .7477 1.189 1.0549 .337,4 
1.55 1.425 .263,5 .358,5 .7351 1.228 1.0634 .323,7 
1.60 1.458 .244,6 .338,5 .7225 1.271 1.0720 .310,9 
1.65 1.491 .226,8 .319,4 .7100 1.318 1.0808 .298,9 
1.70 1.523 .210,1 .301.1 .6976 1.369 1.0897 .287,5 

Notes:    (1)  For values of M from 0 to 3.00, all digits to the left of the comma are valid 

for linear interpolation.   Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2)  The notation .0 3429 signifies .000429.   The notation 5370, signifies 5,370,000. 

Table 4.13 ISENTR0PIC FLOW (Perfect Gas, k= 1.3 exactly) 
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A  p 
M M* p/po p/po T/To A/A* F/F* A*' p„ 

1.75 1.554 .194,4 .283,6 .6852 1.42,4 1.0986 .276,8 
1.80 1.584 .179,7 .267,0 .6729 1.48,4 1.108 .266,7 
1.85 1.613 .166,0 .251,3 .6607 1.54,9 1.116 .257,1 
1.90 1.641 .153,3 .236,4 .6487 1.61,8 1.125 .2481 
1.95 1.669 .141,5 .222,2 .6368 1.69,3 1.134 .2395 

2.00 1.696 .130,5 .208,7 .6250 1.77,3 1.143 .2313 
2.05 1.722 .120,3 .196,0 .6134 1.85,9 1.152 .2236 
2.10 1.747 .110,8 .184,1 .6019 1.95,1 1.160 .2162 

.2092 2.15 1.772 .102,0 .172,8 .5905 2.05,0 1.168 
2.20 1.796 .093,93 .162,1 .5793 2.15,6 1.176 .2025 

2.25 1.819 .086,45 .152,1 .5684 2.26,8 1.184 .1961 
2.30 1.842 .079,5-5 .142,7 .5576 2.38,8 1.192 .1900 
2.35 1.864 .073,18 .133,8 .5470 2.51,7 1.200 .1842 
2.40 1.885 .067,31 .125,4 .5365 2.65,4 1.208 .1786 
2.45 1.906 .0619,0 .117,6 .5262 2.79,9 1.216 .1733 

2.50 1.926 .0569,2 .1103 .5161 2.95,4 1.223 .1682 
2.55 1.946 .0523,4 .1034 .5062 3.11,9 1.230 .1633 
2.60 J.965 .0481,3 .0969,3 .4965 3.29,5 1.237 .1586 
2.65 1.983 .0442,6 .0908,7 .4870 3.48,2 1.244 .1541 
2.70 2.001 .0407,0 .0852,0 .4777 3.68,1 1.250 .1498 

2.75 2.019 .0374,3 .0798,8 .4686 3.89,2 1.257 .1457 
2.80 2.036 .0344,2 .0749,0 .4596 4.11,6 1.264 .1417 
2.85 2.052 .0316,6 .0702,4 .4508 4.35,4 1.270 .1379 
2.90 2.068 .0291,3 .0658,7 .4422 4.60,7 1.276 .1342 
2.95 2.084 .0268,0 .0617,8 .4338 4.87,5 1.282 .1307 

3.00 2.099 .02466 .05796 .4255 5.160 1.288 .12726 
3.50 2.228 .01090 .03092 .3524 9.110 1.338 .09926 
4.00 2.326 .00498 .01692 .2941 15.94 1.378 .07934 
4.50 2.402 .00236 .00954 .2477 27.39 1.409 .06471 
5.00 2.460 .00117 .00555 .2105 45.95 1.433 .05372 

6.00 2.543 .0,321 .00206 .15625 120.1 1.468 .03856 
7.00 2.598 .0,101 .0,847 .11976 285.3 1.491 .02882 
8.00 2.635 .04360 .0,382 .09434 625.2 1.507 .02251 
9.00 2.662 .0,141 .0,186 .07605 1275 1.519 .01798 
10.00 2.681 .0j605 .0,96S .06250 2438 1.527 .01475 

') 

2.769 1.565 

^ 

ble 4.13 ISENTROPIC PLOW (Perfect Gas, k= 1.3 exactly) (Concluded) 
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..   .... 

M M* P/P° p/po T/To A/A* F/F* 
A  p 
A*' po 

0 
.01 
.02 
.03 
.04 

0 
.01096 
.02191 
.03286 
.04381 

1.0000,0 
.9999,3 
.9997,2 
.9993,7 
.9988,8 

1.0000,0 
.9999,5 
.9998,0 
.9995,5 
.9992,0 

1.00000 
.99998 
.99992 
.99982 
.99968 

5,7.874 
2,8.942 
1,9.300 
14..482 

CO 

4,5.650 
2,2.834 
15..232 
11.,435 

5,7.870 
2,8.934 
1,9.288 
14..465 

.05 

.06 

.07 

.08 

.09 

.05476 

.06570 

.07664 

.08758 

.09851 

.9982,5 

.9974,8 

.9965,8 

.9955,3 

.9943,5 

.9987,5 

.9982,0 

.9975,5 

.9968,0 

.9959,6 

.99950 

.99928 

.99902 

.99872 

.99838 

11.5,915 
9.6,659 
8.2,915 
7.2,616 
6.4,613 

9..1584 
7.,6428 
6.5,620 
5.7,529 
5.1,249 

H.,5712 
9..6415 
8.2,631 
7.2,291 
6.4,248 

.10 

.11 

.12 

.13 

.14 

.10943 

.12035 

.13126 

.14216 

.15306 

.9930,3 

.9915,7 

.9899,8 

.9882,6 

.9864,0 

-.9950,2 
.9939,8 
.9928,4 
.9916,0 
.9902,7 

.99800 

.99758 

.99714 

.99664 

.99610 

5.8,218 
5.2,992 
4.8,643 
4.4,968 
4.18,24 

4.6,236 
4.2,146 
3.8,747 
3.58,80 
3.34,32 

5.7,812 
5.2,546 
4.8,157 
4.4,440 
4.12,55 

.15 

.16 

.17 

.18 

.19 

.16395 

.17483 

.18569 

.19654 

.20738 

.9844,1 

.9822,8 

.9800,3 

.9776,5 

.9751,4 

.9888,4 

.9873,1 

.9856,9 

.9839,8 

.9821,7 

.99552 

.99490 

.99425 

.99356 

.99283 

3.91.03 
3.67,27 
3.46,35 
3.27,79 
3.11,22 

3.13,17 
2.94,74 
2.78,55 
2.64,22 
2.51,46 

3.84,93 
3.60,76 
3.39,43 
3.20,46 
3.03,48 

.20 

.21 

.22 

.23 

.24 

.21822 

.22904 

.23984 

.25063 

.26141 

.9725,0 

.9697,3 

.9668,5 

.9638,3 

.9607,0 

.9802,7 

.9782,8 

.9762,1 

.9740,3 

.9717,7 

.99206 

.99125 

.99041 

.98953 

.98861 

2.96,35 
2.82,93 
2.70,76 
2.59,68 
2.49,56 

2.40,04 
2.29,76 
2.20,46 
2.12,03 
2.04,34 

2.88,20 
2.74,37 
2.61,78 
2.50,29 
2.39,75 

.25 

.26 

.27 

.28 

.29 

.27216 

.28291 

.29364 

.30435 

.31504 

.9574,5 

.9540,8 

.9506,0 

.9470,0 

.9432,9 

.9694,2 

.9669,9 

.9644,6 

.9618,5 

.9591,6 

.98765 

.98666 

.98563 

.98456 

.98346 

2.40,27 
2.31,73 
2.23,85 
2.16,56 
2.09,79 

1.97,32 
1.90,88 
1.84,96 
1.795,0 
1.744,6 

2.30,05 
2.21,09 
2.12,79 
2.05,08 
1.97,89 

.30 

.31 

.32 

.33 

.34 

.32572 

.33638 

.34701 

.35762 

.36821 

.9394,7 

.9355,4 

.9315,0 

.9273,6 

.9231,2 

.9563,8 

.9535,2 

.9505,8 

.9475,6 

.9444,6 

.98232 

.98114 

.97993 

.97868 

.97740 

2.035,1 
1.976,5 
1.921,8 
1.870,7 
1.822,9 

1.697,9 
1.654,6 
1.614,4 
1.576,9 
1.542,0 

1.911,9 
1.849,1 
1.790,2 
1.734,8 
1.682,8 

.35 

.36 

.37 

.38 

.39 

.37879 

.38935 

.39988 

.41039 

.42087 

.9187,7 

.9143,3 

.9097,9 

.9051,6 

.9004,4 

.9412,8 

.9380,3 

.9347,0 

.9312,9 

.9278,2 

.97608 

.97473 

.97335 

.97193 

.97048 

1.778,0 
1.735,8 
1.696,1 
1.658,7 
1.623,4 

1.509,4 
1.478,9 
1.450,3 
1.423,6 
1.398,5 

1.633,6 
1.587,1 
1.543,1 
1.501,4 
1.461,8 

.40 

.41 

.42 

.43 

.44 

.4313» 

.44177 

.45218 

.46256 

.47292 

.8956,2 

.8907,1 

.8857,2 

.8806,5 

.8755,0 

.9242,8 

.9206,6 

.9169,7 

.9132,2 

.9094,0 

.96899 

.96747 

.96592 

.96434 

.96272 

1.590,1 
1.558,7 
1.528,9 
1.500,7 
1.474,0 

1.374,9 
1.352,7 
1.331,8 
1.312,2 
1.293,7 

1.424,1 
1.388,3 
1.354,2 
1.321,6 
1.290,5 

Notes:    (1)  For values of M from 0 to 5.00, all digits to the left of the comma are valid 

for linear interpolation.   Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2) The notation .0 3429 signifies .000429.  The notation 5370, signifies 5,370,000. 

Table 4.14 ISENTROPIC FLOW (Pe'rfact Gas, k = 1.4 exactly) 
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' i/i 

M M* p/po p/po T/To   ' A/A* F/F* 
A      p 
A*' po 

.45 

.46 

.47- 

.48 

.49 

.48326 

.49357 

.50385 

.51410 

.52432 

.8702,7 

.8649,6 

.8595,8 

.8541,3 

.8486,1 

.9055,2 

.9015,7 

.8975,6 

.8934,9 

.8893,6 

.96108 

.95940 

.95769 

.95595 

.95418 

1.448,7 
1.424,6 
1.401,8 
1.380,1 
1.359,4 

1.276,3 
1.259,8 
1.244,3 
1.229,6 
1.215,8 

1.260,7 
1.232,2 
1.205,0 
1.178,8 
1.153,7 

.50 

.51 

.52 

.53 

.54 

.53452 

.54469 

.55482 

.56493 

.57501 

.8430,2 

.8373,7 

.8316,6 

.8258,9 

.8200,5 

.8851,7 

.8809,2 

.8766,2 

.8722,7 

.8678,8 

.95238 

.95055 

.94869 

.94681 

.94489 

1.339,8 
1.321,2 
1.303,4 
1.286,4 
1.270,3 

1.202,7 
1.190,3 
1.178,6 
1.167,5 
1.157,1 

1.129,51 
1.106,31 
1.083,97 
1.062,45 
1.041,73 

.55 

.56 

.57 

.58 

.59 

.58506 

.59508 

.60506 

.61500 

.62491 

.8141,6 

.8082,2 

.8022,4 

.7962,1 

.7901,2 

.86342 

.85892 

.85437 

.84977 

.84513 

.94295 

.94098 

.93898 

.93696 

.93491 

1.255,0 
1.240,3 
1.226,3 
1.213,0 
1.200,3 

1.147,2 
1.137,8 
1.128,9 
1.120,5 
1.112,6 

1.021,74 
1.002,44 
.983,81 
.965,81 
.948,39 

.60 

.61 

.62 

.63 

.64 

.63480 

.64466 

.65448 

.66427 

.67402 

.78400 

.77784 

.77164 

.76540 

.75913 

.84045 

.83573 

.83096 

.82616 

.82132 

.93284 

.93074 

.92861 

.92646 

.92428 

1.188,2 
1.176,6 
1.165,6 
1.155,1 
1.145,1 

1.1050,4 
1.0979,3 
1.0912,0 
1.0848,5 
1.0788,3 

.931,55 

.915,25 

.899,46 

.884,16 

.869,32 

.65 

.66 

.67 

.68 

.69 

.68374 

.69342 

.70307 

.71268 

.72225 

.75283 

.74650 

.74014 

.73376 

.72735 

.81644 

.81153 

.80659 

.80162 

.79662 

.92208 

.91986 

.91762 

.91535 

.91306* 

1.1356 
1.1265 
1.1178 
1.1096 
1.1018 

1.0731,4 
1.0677,7 
1.0627,1 
1.0579,2 
1.0534,0 

.8549,3 

.8409,6 

.8274,0 

.8142,1 

.8014,1 

.70 

.71 

.72 

.73 

.74 

.73179 

.74129 

.75076 

.76019 

.76958 

.72092 

.71448 

.70802 

.70155 

.69507 

.79158 

.78652 

.78143 

.77632 

.77119 

.91075 
.90842 
.90606 
.90368 
.90129 

1.0943,7 
1.0872,9 
1.0805,7 
i.0741,9 
1.0681,4 

1.0491,5 
1.0451,4 
1.0413,7 
1.0378,3 
1.0345,0 

.7889,6 

.7768,5 

.7650,7 

.7536,0 

.7424,3 

.75 

.76 

.77 

.78 

.79 

.77893 

.78825 

.79753 

.80677 

.81597 

.68857 

.68207 

.67556 

.66905 

.66254 

.76603 

.76086 

.75567 

.75046 

.74524 

.89888 

.89644 

.89399 

.89152 

.88903 

1.0624,2 
1.0570,0 
1.0518,8 
1.0470,5 
1.0425,0 

1.0313,7 
1.0284,4 
1.0257,0 
1.0231,4 
1.0207,5 

.7315,5 

.7209,5 

.7106,2 

.7005,4 

.6907,0 

.80 

.81 

.82 

.83 

.84 

.82514 

.83426 

.84334 

.85239 

.86140 

.65602 

.64951 

.64300 

.63650 

.63000 

.74000 

.73474 

.72947 

.72419 

.71890 

.88652 

.88400 

.88146 

.87890 

.87633 

1.0382,3 
1.0342,2 
1.0304,6 
1.0269,6 
1.0237,0 

1.0185,3 
1.0164,6 
1.0145,5 
1.0127,8 
1.0111,5 

.6811,0 

.6717,3 

.6625,9 

.6536,6 

.6449,3 

.85 

.86 

.87 

.88 

.89 

.87037 

.87929 

.88817 

.89702 

.90583 

.62351 

.61703 

.61057 

.60412 

.59768 

.71361 

.70831 

.70300 

.69769 

.69237 

.87374 

.87114 

.86852 

.86589 

.86324 

1.0206,7 
1.0178,7 
1.0153,0 
1.0129,4 
1.0108,0 

1.0096,6 
1.0082,9 
1.0070,4 
1.0059,1 
1.0049,0 

.6364,0 

.6280,6 

.6169,1 

.6119,3 

.6041,3 

Table 4.14 ISENTROPIC FLOW (Perfect Gas, k=1.4 exactly)   (Continued) 

(This page contains a correction of an error which appeared 
in the data of the corresponding table of the Meteor Report 
No. 14, dated Dec. 1, 1947.) 
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IA 

M 

(") 

M M* p/po p/po T/To A/A* F/F* 
A  p 
A*  po 

.90 

.91 

.92 

.93 

.94 

.91460 
-.92333 
.93201 
.94065 
.94925 

.59126 

.58486 

.57848 

.57212 

.56578 

.68704 

.68171 

.67639 

.67107 

.66575 

.86058 

.85791 

.85523 

.85253 

.84982 

1.0088,6 
1.0071,3 
1.0056,0 
1.0042,6 
1.0031,1 

1.0039,9 
1.0031,8 
1.0024,8 
1.0018,8 
1.0013,6 

.5965,0 

.5890,3 

.5817,1 

.5745,5 

.5675,4 

.95 

.96 

.97 

.98 

.99" 

.95781 

.96633 

.97481 

.98325 

.99165 

.55946 

.55317 

.54691 

.54067 

.53446 

.66044 

.65513 

.64982 

.64452 

.63923 

.84710 

.84437 

.84162 

.83887 

.83611 

1.0021,4 
1.0013,6 
1.0007,6 
1.0003,3 
1.0000,8 

1.0009,3 
1.0005,9 
1.0003,3 
1.0001,4. 
1.0000,3 

.5606,6 

.5539,2 

.5473,2 

.5408,5 

.5345,0 

1.00 
1.01 
1.02 
1.03 
1.04 

1.00000 
1.00831 
1.01658 
1.02481 
1.03300 

.52828 

.52213 

.51602 

.50994 

.50389 

.63394 

.62866 

.62339 

.61813 

.61288 

.83333 

.83055 

.82776 

.82496 

.82215 

1.0000,0 
1.0000,8 
1.0003,3 
1.0007,4 
1.0013,0 

1.0000,0 
1.0000,3 
1.0001,3 
1.0003,0 
1.0005,3 

.5282,8 

.5221,8 

.5161,9 

.5103,1 

.5045,4 

1.05 
1.06 
1.07 
1.08 
1.09 

1.04114 
1.04924 
1.05730 
1.06532 
1.07330 

.49787 

.49189 

.48595 

.48005 

.47418 

.60765 

.60243 

.59722 

.59203 

.58685 

.81933 

.81651 

.81368 

.81084 

.80800 

1.0020,2 
1.0029,0 
1.0039,4 
1.0051,2 
1.0064,5 

1.0008,2 
1.0011,6 
1.0015,5 
1.0020,0 
1.0025,0 

.4988,8 

.4933,2 

.4878,7 

.4825,1 

.4772,4 

1.10 
1.11 
1.12 
1.13 
1.14 

1.08124 
1.08914 
1.09699 
1.10480 
1.11256 

.46835 
46256 
.45682 
.45112 
.44545 

.58169 

.57655 

.57143 

.56632 

.56123 

.80515 

.80230 

.79944 

.79657 

.79370 

1.0079,3 
1.0095,5 
1.0113,1 
1.0132,2 
1.0152,7 

1.00305 
1.00365 
1.00429 
1.00497 
1.00569 

.4720,6 

.4669,8 

.4619,9 

.4570,8 

.4522,5 

1.15 
1.16 
1.17 
1.18 
1.19 

1.1203 
1.1280 
1.1356 
1.1432 
1.1508 

.43983 

.43425 

.42872 

.42323 

.41778 

.55616 

.55112 

.54609 

.54108 

.53610 

.79083 

.78795 

.78507 

.78218 

.77929 

1.0174,6 
1.0197,8 
1.0222)4 
1.0248,4 
1.0275,7 

1.00646 
1.00726 
1.00810 
1.00897 
1.00988 

.4475,1 

.4428,4 

.4382,5 

.4337,4 

.4293,0 

1.20 
1.21 
1.22 
1.23 
1.24 

1.1583 
1.1658 
1.1732 
.1.1806 
1.1879 

.4123,8 

.4070,2 

.4017,1 

.3964,5 

.3912,3 

.53114 

.52620 

.52129 

.51640 

.51154 

.77640 

.77350 

.77061 

.76771 

.76481 

1.0304,4 
1.0334,4 
1.0365,7 
1.0398,3 
1.0432,3 

1.01082 
1.01178 
1.01278 
1.01381 
1.01486 

.4249,3 

.4206,3 

.4164,0 

.4122,4 

.4081,4 

1.25 
1.26. 
1.27 
1.28 
1.29 

1.1952 
1.2025 
1.2097 
1.2169 
1.2240 

.3860,6 

.3809,4 

.3758,6 

.3708,3 

.3658,5 

.50670 

.50189 

.49710 

.49234 

.48761 

.76190 

.75900 

.75610 

.75319 

.75029 

1.0467,6 
1.0504,1 
1.0541,9 
1.0581,0 
1.0621,4 

1.01594 
1.01705 
1.01818 
1.01933 
1.02050 

.4041,1 

.4001,4 

.3962,2 

.3923,7 

.3885,8 

1.30 
1.31 
1.32 
1.33 
1.34 

1.2311 
1.2382 
1.2452 
1.2522 
1.2591 

.3609,2 

.3560,3 

.3511,9 

.3464,0 

.3416,6 

.48291 

.47823 

.47358 

.46895 

.46436 

.74738 

.74448 

.74158 

.73867 

.73577 

1.0663,1 
1.0706,0 
1.0750,2 
1.0795,7 
1.0842,4 

1.02170 
1.02292 
1.02415 
1.02540 
1.02666 

.3848,4 

.3811,6 

.3775,4 

.3739,7 

.3704,4 

Table 4.14 ISENTR0PIC FLOW (Perfect Gas, k = 1.4 exactly) (Continued) 
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/ >A 

M M* P/P° p/?o T/To A/A* F/F* 
A  p 
A** po 

1.35 
1.36 
1.37 
1.38 
1.39 

1.2660 
1.2729 
1.2797 
1.2865 
1.2932 

.3369,7 

.3323,3 

.3277,4 

.3231,9 

.3186,9 

.45980 

.45527 

.45076 

.44628 

.44183 

.73287 

.72997 

.72707 

.72418 

.72128 

1.0890,4 
1.0939,7 
1.0990,2 
1.1042,0 
1.1095,0 

1.02794 
1.02924 
1.03056 
1.03189 
1.03323 

.3669,7 

.3635,5 

.3601,8 

.3568,6 

.3535,9 

1.40 
1.41 
1.42 
1.43 
1.44 

1.2999 
1.3065 
1.3131 
1.3197 
1.3262 

.3142,4 

.3098,4 

.3054,9 

.3011,9 

.2969,3 

.43742 

.43304 

.42869 

.42436 

.42007 

.71839 

.71550 

.71261 

.70973 

.70685 

1.1149 
1.1205 
1.1262 
1.1320 
1.1379 

1.03458 
1.03595 
1.03733 
1.03872 
1.04012 

.35036 

.34717 

.34403 

.34093 

.33787 

1.45 
1.46 
1.47 
1.48 
1.49 

1.3327 
1.3392 
1.3456 
1.3520 
1.3583 

.2927,2 

.2885,6 

.2844,5 

.2803,9 

.2763,7 

.41581 

.41158 

.40738 

.40322 

.39909 

.70397 

.70110 

.69823 

.69537 

.69251 

1.1440 
1.1502 
1.1565 
1.1629 
1.1695 

1.04153 
1.04295 
1.04438 
1.04581 
1.04725 

.33486 

.33189 

.32896 

.32607 

.32321 

1.50 
1.51 
1.52 
1.53 
1.54 

1.3646 
1.3708 
1.3770 
1.3832 
1.3894 

.2724,0 

.2684,8 

.2646,1 

.2607,8 

.2570,0 

.39498 

.39091 

.38687 

.38287 

.37890 

.68965 

.68680 

.68396 

.68112 

.67828 

1.1762 
1.1830 
1.1899 
1.1970 
1.2042 

1.04870 
1.05016 
1.05162 
1.05309 
1.05456 

.32030 

.31761 

.31487 

.31216 

.30948 

1.55 
1.56 
1.57 
1.58 
1.59 

1.3955 
1.4016 
1.4076 
1.4135 
1.4195 

.2532,6 

.2495,7 

.2459,3 

.2423,3 

.2387,8 

.37496 

.37105 

.36717 

.36332 

.35951 

.67545 

.67262 

.66980 

.66699 

.66418 

.1.2115 
1.2190 
1.2266 
1.2343 
1.2422 

1.05604 
1.05752 
1.05900 
1.06049 
1.06198 

.30685 

.30424 

.30167 

.29913 

.29662 

1.60 
1.61 
1.62 
1.63 
1.64 

1.4254 
1.4313 
1.4371 
1.4429 
1.4487 

.23527 

.23181 

.22839 

.22501 

.22168 

.35573 

.35198 

.34826 

.34458 

.34093 

.66138 

.65858 

.65579 

.65301 

.65023 

1.2502 
1.2583 
1.2666 
1.2750 
1.2835 

1.06348 
1.06498 
1.06648 
1.06798 
1.06948 

.29414 

.29169 

.28928 

.28690 

.28454 

1.65 
1.66 
1.67 
1.68 
1.69 

1.4544 
1.4601 
1.4657 
1.4713 
1.4769 

.21839 

.21515 

.21195 

.20879 

.20567 

.33731 

.33372 

.33016 

.32664 

.32315 

.64746 

.64470 

.64194 

.63919 

.63645 

1.2922 
1.3010 
1.3099 
1.3190 
1.3282 

1.07098 
1.07249 
1.07399 
1.07550 
1.07701 

.28221 

.27991 

.27764 

.27540 

.27318 

1.70 
1.71 
1.72 
1.73 
1.74 

1.4825 
1.4880 
1.4935 
1.4989 
1.5043 

.20259 

.19955 

.19656 

.19361 

.19070 

.31969 

.31626 

.31286 

.30950 

.30617 

.63372 

.63099 

.62827 

.62556 

.62286 

1.3376 
1.3471 
1.3567 
1.3665 
1.3764 

1.07851 
1.08002 
1.08152 
1.08302 
1.08453 

.27099 

.26882 

.26668 

.26457 

.26248 

1.75" 
1.76 
1.77 
1.78 
1.79 

1.5097 
1.5150 
1.5203 
1.5256 
1.5308 

.18782 

.18499 

.18220 

.17944 

.17672 

.30287 
-.29959 
.29635 
.29314 
.28997 

.62016 

.61747 

.61479 

.61211 

.60945 

1.3865 
1.3967 
1.4071 
1.4176 
1.4282 

1.08603 
1.08753 
1.08903 
1.09053 
1.09202 

.26042 

.25838 

.25636 

.25436 

.25239 

~) 

Table 4.14   1SENTR0PIC FLOW (Perfect Gas, k=1.4 exactly)   (Continued) 

2) 

—TTi ZJ. 



r 
Handbook of Supersonic Aerodynamics Page 4.101 

vj^ 

3 

M M* P/P° p/po T/To A/A* F/F* 
A  p 
A*' po 

1.80 
1.81 
1.82 
1.83 
1.84 

1.5360 
1.5412 
1.5463 
1.5514 
1.5564 

.17404 

.17140 

.16879 

.16622 

.16369 

.28682 

.28370 

.28061 

.27756 

.27453 

.60680 

.60415 

.60151 

.59888 

.59626 

1.4390 
1.4499 
1.4610 
1.4723 
1.4837 

1.09352 
1.09500 
1.09649 
1.09798 
1.09946 

.25044 

.24851 

.24660 

.24472 

.24286 

1.85 
1.86 
1.87 
1.88 
1.89. 

1.5614 
1.5664 
1.5714 
1.5763 
1.5812 

.16120 

.15874 

.15631 

.15392 

.15156 

.27153 

.26857 

.26563 

.26272 

.25984 

.59365 

.59105 

.58845 

.58586 

.58329 

1.4952 
1.5069 
1.5188 
1.5308 
1.5429 

1.1009 
1.1024 
1.1039 
1.1054 
1.1068 

.24102 

.23919 

.23739 

.23561 

.23385 

1.90 
1.91 
1.92 
1.93 
1.94 

1.5861 
1.5909 
1.5957 
1.6005 
1.6052 

.14924 

.14695 

.14469 

.14247 

.14028 

.25699 

.25417 

.25138 

.24862 

.24588 

.58072 

.57816 

.57561 

.57307 

.57054 

1.5552 
1.5677 
1.5804 
1.5932 
1.6062 

1.1083 
1.1097 
1.1112 
1.1126 
1.1141 

.23211 

.23039 

.22868 

.22699 

.22532 

1.95 
1.96 
1.97 
1.98 
1.99 

1.6099 
1.6146 
1.6193 
1.6239 
1.6285 

.13813 

.13600 

.13390 

.13184 

.12981 

.24317 

.24049 

.23784 

.23522 

.23262 

.56802 

.56551 

.56301 

.56051 

.55803 

1.6193 
1.6326 
1.6461 
1.6597 
1.6735 

1.1155 
1.1170 
1.1184 
1.1198 
1.1213 

.22367 

.22204 

.22042 

.21882 

.21724 

2.00 
2.01 
2.02 
2.03 
2.04 

1.6330 
1.6375 
1.6420 
1.6465 
1.6509 

.12780 

.12583 

.12389 

.12198 

.12009 

.23005 

.22751 

.22499 

.22250 

.22004 

.55556 

.55310 

.55064 

.54819 

.54576 

1.6875 
1.7017 
1.7160 
1.7305 
1.7452 

1.1227 
1.1241 
1.1255 
1.1269 
1.1283 

.21567 

.21412 

.21259 

.21107 

.20957 

2,05 
2?06 
2.07 
2.08 
2.09 

1.6553 
1.6597 
1.6640 
1.6683 
1.6726 

.11823 

.11640 

.11460 

.11282 

.11107 

.21760 

.21519 

.21281 

.21045 

.20811 

.54333 

.54091 

.53850 

.53611 

.53373 

1.7600 
1.7750 
1.7902 
1.8056 
1.8212 

1.1297 
1.1311 
1.1325 
1.1339 
1.1352 

.20808 

.20661 

.20515 

.20371 

.20228 

2.10 
2.11 
2.12 
2.13 
2.14 

1.6769 
1.6811 
1.6853 
1.6895 
1.6936 

.10935 

.10766 

.10589 

.10434 

.10272 

.20580 

.20352 

.20126 

.19902 

.19681 

.53135 

.52898 

.52663 

.52428 

.52194 

1.8369 
1.8529 
1.8690 
1.8853 
1.9018 

1.1366 
1.1380 
1.1393 
1.1407 
1.1420 

.20087 

.19947 

.19809 

.19672 

.19537 

2.15 
2.16 
2.17 
2.18 
2.19 

1.6977 
1.7018 
1.7059 
1.7099 
1.7139 

.10113 

.09956 

.09802 

.09650 

.09500 

.19463 

.19247 

.19033 

.18821 

.18612 

.51962 

.51730 

.51499 

.51269 

.51041 

1.9185 
1.9354 
1.9525 
1.9698 
1.9873 

1.1434 
1.1447 
1.1460 
1.1474 
1.1487 

.19403 

.19270 

.19138 

.19008 

.18879 

2.20 
2.21 
2.22 
2.23 
2.24 

1.7179 
1.7219 
1.7258 
1.7297 
1.7336 

.09352 

.09207 

.09064 

.08923 

.08784 

.18405 

.18200 

.17998 

.17798 

.17600 

.50813 

.50586 

.50361 

.50136 

.49912 

2.0050 
2.0229 
2.0409 
2.0592 
2.0777 

1.1500 
1.1513 
1.1526 
1.1539 
1.1552 

.18751 

.18624 

.18499 

.18375 

.18252 

Table 4.14 ISENTROPIC FLOW (Perfect Gas, k=1.4 exactly)   (Continued: 

(This page contains a correction of an error which appeared 
in the data of the corresponding.table of the Meteor Report 
Ho. 14, dated Dec. 1, 1947.) 
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M M* P/P° p/p» T/To A/A* F/F* 
A.JL 
A* po 

2.25 
2.2G 
2.27 
2.28 
2.29 

1.7374 
1.7412 
1.7450 
1.7488 
1.7526 

.08618 

.08514 

.08382 

.08252 

.08123 

.17404 

.17211 

.17020 

.16830 

.16643 

.49689 

.49468 

.49247 

.49027 

.48809 

2.0964 
2.1154 
2.1345 
2.1538 
2.1734 

1.1565 
1.1578 
1.1590 
1.1603 
1.1616 

.18130 

.18009 

.17890 

.17772 

.17655 

2.30 
2.31 
2.32 
2.33 
2.34 

1.7563 
1.7600 
1.7637 
1.7673 
1.7709 

.07997 

.07873 

.07751 

.07631 

.07513 

.16458 

.16275 

.16095 

.15916 

.15739 

.48591 

.48374 

.48158 

.47944 

.47730 

2.1931 
2.2131 
2.2333 
2.2537 
2.2744 

1.1629 
1.1641 
1.1653 
1.1666 
1.1078 

.17539 

.17424 

.17310 

.17197 

.17085 

2.35 
2.30 
2.37 
2.38 
2.39 

1.7745 
1.7781 
1.7817 
1.7852 
1.7887 

.07396 

.07281 

.07168 

.07057 

.06948 

.15564 

.15391 

.15220 

.15052 

.14885 

.47517 

.47305 

.47095 

.46885 

.46676 

2.2953 
2.3164 
2.3377 
2.3593 
2.3811 

1.1690 
1.1703 
1.1715 
1.1727 
1.1739 

.16975 

.16866 

.16757 

.16649 

.16543 

2.40 
2.41 
2.42 
2.43 
2.44 

1.7922 
1.7957 
1.7991 
1.8025 
1.8059 

.06840 

.06734 

.06630 

.06527 

.06426 

.14720 

.14557 

.14395 

.14235 

.14078 

.46468 

.46262 

.46056 

.45851 

.45647 

2.4031 
2.4254 
2.4479 
2.4706 
2.4936 

1.1751 
1.1763 
1.1775 
1.1786 
1.1798 

.16437 

.16332 

.16229 

.16126 

.16024 

2.45 
2.46 
2.47 
2.48 
2.49 

1.8093 
1.8126 
1.8159 
1.8192 
1.8225 

.06327 

.06229 

.06133 

.06038 

.05945 

.13922 

.13768 

.13616 

.13465 

.13316 

.45444 

.45242 

.45041 

.44841 

.44642 

2.5168 
2.5403 
2.5640 
2.5880 
2.6122 

1.1810 
1.1821 
1.1833 
1.1844 
1.1856 

.15923 

.15823 

.15724 

.15626 

.15528 

2.50 
2.51 
2.52 
2.53 
2.54 

1.8258 
1.8290 
1.8322 
1.8354. 
1.S386 

.05853 

.05763 

.05674 

.05586 

.05500 

.13169 

.13023 

.12879 

.12737 

.12597 

.44444 

.44247 

.44051 

.43856 

.43662 

2.6367 
2.6615 
2.6865 
2.7117 
2.7372 

1.1867 
1.1879 
1.1890 
1.1901 
1.1912 

.15432 

.15337 

.15242 

.15148 

.15055 

2.55 
2.56 
2.57 
2.58 
2.59 

1.8417 
1.8448 
1.8479 
1.8510 
1.8541 

.05415 

.05332 

.05250 

.05169 

.050SO 

.12458 

.12321 

.12185 

.12051 

.11418 

.43469 

.43277 

.43085 

.42894 

.42705 

2.7630 
2.7891 
2.8154 
2.8420 
2.8689 

1.1923 
1.1934 
1.1945 
1.1956 
1.1967 

.14963 

.14871 

.14780 

.14691 

.14601 

2.60 
2.61 
2.62 
2.63 
2.64 

1.8572 
1.8602 
1.8632 
1.8662 
1.8692 

.05012 

.04935 

.04859 

.04784 

.04711 

.11787 

.11658 

.11530 

.11403 

.11278 

.42517 

.42330 

.42143 

.41957 

.41772 

2.8960 
2.9234 
2.9511 
2.9791 
3.0074 

1.1978 
1.1989 
1.2000 
1.2011 
1.2021 

.14513 

.14426 

.14339 

.14253 

.14168 

2.65 
2.66 
2.67 
2.68 
2.69 

13721 
1.8750 
1.8779 
1.8808 
1.8837 

.04639 

.04568 

.04498 

.04429 

.04361 

.11154 

.11032 

.10911 

.10792 

.10674 

.41589 

.41406 

.41224 

.41043 

.40863 

3.0359 
3.0647 
3.0938 
3.1233 
3.1530 

1.2031 
1.2042 
1.2052 
1.2062 
1.2073 

. 14083 

.13999 

.13916 

.13834 

.13752 

1 

Table 4.14 ISENTROPIC FLOW (Perfect Gas, k = 1.4 exactly) (Continued) 
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<A ( ) 

A  p 
M M* P/P» p/p<> T/To A/A* F/F* A** po 

2.70 1.8865 .04295 .1C557 .40684 3.1830 1.2083 .13071 
2.71 1.8894 .04230 .10442 .40505 3.2133 1.2093 .13591 
2.72 1.8922 .04166 .10328 .40327 3.2440 1.2103 .13511 
2.73 1.8950 .04102 .10215 .40151 3.2749 1.2113 .13432 
2.7-1 1.8978 .04039 .10104 .39970 3.3061 1.2123 .13354 

2.75 1.9005 .03977 .09994 .39801 3.3376 1.2133 .13276 
2.76 J.9032 .03917 .09885 .39627 3.3695 1.2143 .13199 
2.77 1.9060 .03858 .09777 .39454 3.4017 1.2153 .13123 
2.78 1.9087 .03800 .09671 .39282 3.4342 1.2163 .13047 
2.78 1.9114 .03742 .09560 .39111 3.4670 1.2173 .12972 

2.80 1.9140 .03685 .09462 .38941 3.5001 1.2182 .12897 
2.81 1.9167 .03629 .09300 .38771 3.5336 1.2192 .12823 
2.82 1.9193 .03574 .09259 .38603 3.5674 1.2202 .12750 
2.83 1.9220 .03520 .09158 .38435 3.6015 1.2211 .12078 
2.84 1.9246 .03467 .09059 .38268 3.6359 1.2221 .12605 

2.85 1.9271 .03115 .08962 .38102 3.6707 1.2230 .12534 
2.86 1.9297 .0P3G3 .08865 .37937 3.7058 1.2240 .12463 
2.87 1.9322 .03312 .08769 .37773 3.7413 1.2249 .12393 
2.88 1.9348 .03262 .08674 .37610 3.7771 1.2258 .12323 
2.89 1.9373 .U3213 .08581 .37448 3.8133 1.2268 .12254 

2.90 1.9398 .03165 .08489 .37286 3.8498 1.2277 .12185 
2.91 1.9423 .03118 .083S8 .37125 3.8860 1.2286 .12117 
2.92 1.9448 .03071 .08308 .36965 3.9238 1.2295 .12049 
2.93 1.9472 .03025 .08218 .30806 3.9014 1.2304 .11982 
2.94 1.9497 .02980 .08130 .36048 3.9993 1.2313 .11916 

2.95 1.9521 .02935 .08043 .30490 4.0376 1.2322 .11850 
2.96 1.9545 .02891 .07957 .36333 4.0703 1.2331 .11785 
2.97 1.9569 .02848 .07872 .36177 4.1153 1.2340 .11720 
2.98 1.9593 .02805 .07788 .36022 4.1547 1.2348 .11656 
2.99 1.9016 .02764 .07705 .35868 4.1944 1.2357 .11591 

Table 4.14 ISENTROPIC FLOW (Perfect Gas, k = l,4 exactly) (Continued) 

O 
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V 

A  p 
M M* p/po p/po T/To A/A* F/F* A* po 

3.00 1.964,0 .027,22 .076,23 .357,14 4.23,46 1.2366 .115,28 
3.10 1.986,6 .023,45 .068,52 .342,23 4.65,73 1.2450 .109,21 
3.20 2.007,9 .020,23 .061,65 .328,08 5.12,10 1.2530 .1035,9 
3.30 2.027,9 .0174,8 .055,54 .314,66 5.6,287 1.2605 .0983,7 
3.40 2.046,6 .0151,2 .050,09 .301,93 6.1,837 1.2676 .0935,3 

3.50 2.064,2 .0131,1 .045,23 .289,86 6.7,896 1.2743 .0890,2 
3.60 2.080,8 .0113,8 .040,89 .278,40 7.4,501 1.2807 .0848,2 
3.70 2.096,4 .0099,0 .0370,2 .267,52 8.1,691 1.2867 .0809,0 
3.80 2.111,1 .0086,3 .0335,5 .257,20 8.9,506 1.2924 .0772,3 
3.90 2.125,0 .0075,3 .0304,4 .247,40 9.7,990 1.2978 .0738,0 

4.00 2.138,1 .0065,8 .0276,6 .238,10 10.7,19 1.3029 .0705,9 
4.10 2.150,5 .0057,7 .0251,6 .229,25 11.7,15 1.3077 .0675,8 
4.20 2.162,2 .0050.6 .0229,2 .2208,5 12.7,92 1.3123 .0647,5 
4.30 2.173,2 .0044,5 .0209,0 .2128,6 13.9,55 1.3167 .0620,9 
4.40 2.183,7 .0039,2 .0190,9 .2052,5 15.2,10 1.3208 .0595,9 

4.50 2.193,6 .0034,6 .0174,5 .1980,2 16.5,62 1.3247 .0572,3 
4.60 2.203,0 .0030,5 .0159,7 .1911,3 18.0,18 1.3284 .0550,0 
4.70 2.211,9 .0027,0 .0146,3 .1845,7 19.5,83 1.3320 .0528,9 
4.80 2.220,4 .0024,0 .0134,3 .1783,2 21.2,64 1.3354 .0509,1 
4.90 2.228,4 .0021,3 .0123,3 .1723,5 23.0,67 1.3386 .0490,4 

5.00 2.2361 .00189 .01134 .16667 25.000 1.3416 .04725 
6.00 2.2953 .0,633 .00519 .12195 53.180 1.3655 .03368 
7.00 2.3333 .0,242 .00261 .09259 104.143 1.3810 .02516 
8.00 2.3591 .0,102 .00141 .07246 190.109 1.3915 .01947 
9.00 2.3772 .0,474 .0,815 .05814 327.189 1.3989 .01550 

10.00 2.3904 .0,236 .0,495 .04762 535.938 1.4044 .01263 

2.4495 1.4289 

^ ">, 

Table 4.14 ISENTROPIC PLOW (Perfect Gas, k=1.4 exactly) (Concluded) 

3 ;, 
15 
t • 

" I•'    ' " "~ "If i'".""' r Tin— 



Handbook of Supersonic Aerodynamics Page 4.105» 

f 

A     p 
M M* P/P° p/po T/To A/A* F/F* A* ' po 

0 0 1.000,0 1.000,0 1.000,0 00 CO K 

.05 .05775 .997,9 .998,8 .999,2 H.,265 8.,687 11.,242 

.10 .1154 .991,7 .995,0 .996,7 5..661 4.,392 5..614 

.15 .1727 .981,5 .988,8 .992,5 3..805 2.,982 3.,735 

.20 .229,6 .967,4 .980,3 .986,8 2.8,87 2.2,93 2.7,93 

.25 .285,9 .949,7 .969,5 .979,5 2.3,44 1.8,92 2.2,26 

.30 .341,5 .928,6 .956,6 .970,8 1.9,89 1.6,35 1.8,47 

.35 .396,3 .904,6 .941,7 .960,6 1.7,41 1.4,60 1.5,75 

.40 .450,2 .878,0 .925,0 .949,1 1.5,60 1.33,6 1.37,0 

.45 .503,1 .849,1 .906,7 .936,4 1.42,4 1.24,5 1.20,9 

.50 .554,9 .818,4 .886,9 .922,7 1.32,0 1.17,8 1.08,03 

.55 .605,5 .786,2 .865,8 .908,0 1.23,9 1.12,8 .97,42 

.60 .654,8 .752,9 .843,7 .892,4 1.17,6 1.09,09 .88,53 

.65 .702,9 .7190 .820,7 .876,0 1.12,6 1.06,28 .80,97 

.70 .749,6 .6847 .797,0 .859,0 1.08,74 1.04,22 .74,45 

.75 .794,9 .6503 .7728 .8414 1.05,76 1.02,65 .68,77 

.80 .838,8 .616,2 .7483 .8234 1.03,51 1.015,5 .63,78 

.85 .881,2 .582,6 .7236 .8051 1.01,89 1.008,0 .59,36 

.90 .922,2 .549,7 .6988 .7866 1.00,80 1.003,3 .554,1 

.95 .961,8 .517,7 .6742 .7679 1.001,9 1.000,8 .518,7 

1.00 1.000,0 .486,7 .6497 .7491 1.000,0 1.000,0 .486,7 
1.05 1.036,8 .456,8 .6255 .7303 1.001,8 1.000,7 .457,6 
1.10 1.072,1 .428,2 .601,7 .7116 1.007,1 1.002,4 .431,2 
1.15 1.106 .400,9 .578,4 .6930 1.015,4 1.005,1 .407,0 
1.20 1.139 .374,9 .555,7 .6746 1.026,6 1.008,5 .384,9 

1.25 1.170 .350,2 .533,5 .6564 1.040,6 1.0124 .364,6 
1.30 1.200 .326,9 .511,9 .6385 1.057,3 1.0167 .345,7 
1.35 1.229 .304,9 .491,0 .6209 1.076,5 1.0213 .328,2 
1.40 1.257 .284,2 .470,7 .6036 1.098,1 1.0262 .312,1 
1.45 1.283 .264,7 .451,1 .5867 1.122 1.0313 .297,2 

1.50 1.309 .246,5 .432,3 .5702 1.148 1.0364 .283,0 
1.55 1.333 .229,5 .414,2 .5541 1.176 1.0416 .270,0 
1.60 1.356 .213,6 .396,8 .5383 1.207 1.0468 .257,9 
1.65 1.379 .198,8 .380,1 .5230 1.240 1.0520 .246,5 
1.70 1.400 .185,0 .364,0 .5081 1.275 1.0572 .235,8 

^ 

Notes:    (1)  For values of M from 0 to 3.00, all digits to the left of the comma are valid 

for linear interpolation.   Where no comma is indicated in this region, all digits are 
valid for linear interpolation. 

(2)  The notation .0,429 signifies .000429.   The notation 5370 < signifies 5,370,000. 

Table 4.15    ISENTR0PIC FLOW (Perfect Gas, k= I.67 exactly) 
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A  p 
M M* P/P» p/po T/To A/A* F/F* A*' po 

1.7.i 1.420 .172,1 .348,6 .4930 1.312 1.0623 .225,7 
1.80 1.440 .160,1 .333,9 .4795 1.351 1.0673 .216,3 
1.85 1.459 .149,0 .319,8 .4658 1.392 1.0722 .207,5 
1.90 1.477 .138,6 .306,3 .4526 1.436 1.0770 .199.1 
1.95 1.494 .129,0 .293,4 .4398 1.482 1.0817 .191,2 

2.00 1.511 .120,1 .281,1 .4274 1.530 1.0863 .1838 
2.05 1.527 .111,9 .269,4 .4153 1.580 1.0908 .1768 
2.10 1.542 .104,2 .258,2 .4036 1.632 1.0952 .1701 
2.15 1.556 .097,12 .247,5 .3923 1.687 1.0994 .1638 
2.20 1.570 .090,53 .237,3 .3814 1.744 1.1035 .1579 

2.25 1.583 .0844,2 .2276 .3709 1.803 1.107 .1522 
2.30 1.596 .0787,5 .2183 .3607 1.865 1.111 .1468 
2.35 1.608 .0734,9' .2094 .3508 1.929 1.115 .1417 
2.40 1.620 .0686,2 .2010 .3413 1.995 1.119 .1369 
2.45 1.631 .0041,0 .1930 .3321 2.064 1.123 .1323 

2.50 1.642 .0599,0 .1853 .3232 2.135 1.126 .1279 
2.55 1.653 .0560,1 .1780 .3146 2.209 1.129 .1237 
2.60 1.663 .0523,9 .1710 .3063 2.285 1.132 .1197 
2.05 1.673 .0490,3 .1644 .2983 2.364 1.135 .1159 
2.70 1.682 .0459,1 .1581 .2905 2.445 1.138 .1123 

2.75 1.691 .0430,1 .1520 .2830 2.529 1.141 .1088 
2.80 1.699 .0403,2 .1462 .2757 2.616 1.144 .1055 
2.85 1.707 .0378,1 .1407 .2687 2.705 1.146 .1023 
2.90 1.715 .0354,7 .1354 .2620 2.797 1.149 .09924 
2.95 1.723 .0333,0 .1304 .2554 2.892 1.152 .09633 

3.00 1.730 .03128 .12560 .2491 2.990 1.154 .09354 
3.50 1.790 ,01720 .08779 .1959 4.134 1.174 .07111 
4.00 1.833 .00994 .06321 .1572 5.608 1.189 .05574 
4.50 1.864 .00601 .04676 .1285 7.456 1.200 .04479 
5.00 1.887 .00378 .03542 .1067 9.721 1.208 .03672 

6.00 1.918 ' .00165 .02160 .07657 15.68 1.220 .02594 
7.00 1.938 .0,807 .01406 .05742 23.85 1.227 .01925 
8.00 1.951 .0,429 .00963 .04456 34.58 1.232 .01484 
9.00 1.960 .0,244 .00687 .03554 48.24 1.235 .01177 
10.00 1.967 .0,147 .00507 .02898 65.18 1.238 .00958 

j 

1.996 1.249 

sA 

Table 4.15 ISENTROPIC FLOW (Perfect Gas, k = 1.67 exactly) (Concluded) 
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^ 

0 
.05 
.10 
.15 
.20 

.25 

.30 

.35 

.40 
~45 

.50 

.55 
.60 
.65 
.70 

.75 

.80 

.85 
.90 
.95 

1.00 
1.05 
1.10 
1.15 
1.20 

1.25 
1.30 
1.35 
1.40 
1.45 

1.50 
1.55 
1.60 
1.65 
1.70 

0 
:00,995 
.03,921 
.08,608 
.14,793 

.22,15 

.30,30 

.38,89 

.47,56 

.56,02 

.64,00 
.71,32- 
.77,85 
.83,52 
.88,28 

.92,16 

.95,18 

.97,40 

.98,90 

.99,74 

1.00,00 
.997,6 
.991,0 
.980,7 
.967,5 

.951,8 

.934,2 
.915,1 
.894,8 
.873,7 

.8521 

.8301 

.8080 
.7859 
.7639 

0 
.00,995 
.03,921 
.08,608 
.14,793 

.22,15 

.30,30 

.38,89 

.47,56 

.56,02 

.64,00 

.71,32 

.77,85 

.83,52 

.88,28 

.92,16 

.95,18 

.97,40 

.98,90 

.99,74 

1.00,00 
.997,6 
.991,0 
.980,7 
.967,5 

.951,8 

.934,2 

.915,1 

.894,8 

.873,7 

.8521 

.8301 

.8080, 

.7859 

.7639 

2.00,0 
1.99,5 
1.98,0 
1.95,6 
1.92,3 

1.88,2 
1.83,5 
1.78,2 
1.724 
1.663 

1.600 
1.536 
1.471 
1.406 
1.342 

1.280 
1.220 
1.161 
1.105 
1.051,2 

1.000,0 
.951,2 
.904,9 
.861,1 
.819,7 

.780,5 

.743,5 

.708,6 
.675,7 
.644,7 

.615,4 

.587,8 

.561,8 

.537,3 

.514,1 

1.213 
1.212 
1.207 
1.200 
1.190 

1.178 
1.164 
1.149 
1.133 
1.116 

1.099,7 
1.083,4 
1.067,9 
1.053,4 
1.040,2 

1.028,5 
1.018,6 
1.010,7 
1.004,8 
1.001,2 

1.000,0 
1.001,3 
1.005,2 
1.011,8 
1.021,4 

1.034,0 
1.049,8 
1.069,0 
1.091,9 
1.11,87 

1.15,0 
1.18,6 
1.22,6 
1.27,1 
1.32,3 

0 
.00,499 
.01,980 
.04,401 
.07,692 

.11,76 
.16,51 
21,83 
275,8 
.336,8 

.400,0 
.464,5 
.529,4 
.594,0 
.657,7 

.720,0 

.780,5 

.838,9 
.895,0 
.948,8 

1.000,0 
1.048,8 
1.095,1 
1.138,9 
1.180,2 

1.220 
1.257 
1.291 
1.324 
1.355 

1.384 
1.412 
1.438 
1.463 
1.486 

Notes:    (1)   For values of M from 0 to 3.00, all digits to the left of the comma are valid 

for linear interpolation.   Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2)  The notation .0 >429 signifies .000429.   The notation 5370, signifies 5,370,000. 

Table 4.16 FRICTI0NLESS, CONSTANT-AREA FLOW WITH <?f «J»   } TaDie 4-.J.0    rni TEMPERATURE (Perfect Gas, k -1.0 exactxy; STAGNATION TEMPERATURE 
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J 
M 

1.75 
1.80 
1.85 
1.90 
1.95 

2.00 
2.05 
2.10 
2.15 
2.20 

2.25 
2.30 
2.35 
2.40 
2.45 

2.50 
2.55 
2.60 
2.65 
2.70 

2.75 
2.80 
2.85 
2.90 
2.95 

3.00 
3.50 
4.00 
.4.50 
5.00 

6.00 
7.00 
8.00 
9.00 

10.00 

To/To* 

.7422 

.7209 

.7000 

.679,5 

.659,5 

.640,0 

.621,1 

.602,7 

.584,9 

.567,7 

.551,0 

.534,8 

.519,2 

.504,2 

.489,7 

.475,7 

.462.1 

.449,0 

.436,4 

.4243 

.4126 

.4013 

.3904 

.3799 

.3698 

.3600 

.2791 

.2215 

.1794 

.1479 

.10519 

.07840 

.06059 

.04818 

.03921 

0 

rp /rp* 
p/p* Po/po 

.7422 

.7209 

.7000 

.679,5 

.659,5 

.640,0 

.621,1 

.602,7 

.584,9 

.567,7 

.551,0 

.534,8 

.519,2 

.504,2 

.489,7 

.475,7 

.462,1 

.449,0 

.436,4 

.4243 

.4126 

.4013 

.3904 

.3799 

.3698 

.3600 

.2791 

.2215 

.1794 

.1479 

.10519 

.07840 

.06059 

.04818 

.03921 

0 

.492,3 

.471,7 

.452,2 

.433,8 

.416,4 

.400,0 

.384,4 

.369,7 

.355,7 

.342,5 

.329,9 

.317,9 

.306,6 

.295,9 

.285,7 

.275,9 

.266,6 

.257,7 

.2493 

.2413 

.2336 

.2262 

.2192 

.2125 

.2061 

.2000 

.1509 

.1176 

.09412 

.07692 

.05405 

.04000 

.03077 

.02439 

.01980 

1.38,1 
1.44,6 
1.51,9 
1.60,0 
1.69,1 

1.79,3 
1.90,7 
2.03,4 
2.17,6 
2.33,6 

2.51,5 
.2.71,6 
2.94,2 
3.19,7 
3.48,4 

3.80,8 
4.1,75 
4.5,91 
5.0,64 
5.6,02 

6.2,15 
6.9,16 
7.7,19 
8.6,40 
9.6,99 

10.92 
41.85 
212.7 
1425 
12519 

2150 4 
1060, 
1470,0 
5740,3 
6230,7 

P*/p 
v/v* 

1.508 
1.528 
1.547 
1.566 
1.584 

1.601 
1.616 
1.630 
1.644 
1.657 

1.670 
1.682 
1.693 
1.704 
1.714 

1.724 
1.733 
1.742 
1.751 
1.759 

1.766 
1.774 
1.781 
1.787 
1.794 

1.800 
1.849 
1.882 
1.906 
1.923 

1.946 
1.960 
1.969 
1.976 
1.980 

2.000 

Table 4.16    FRICTI0NLESS.   CONSTANT-AREA FLOW WITH CHANGE IN 
STAGNATION TEMPERATURE (Perfect Gas, k = 1.0 
exactly)     (Concluded) 
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Table 4.17 

$ 

P*/p 
M To/To* T/T* P/P* •po/po* v/v* 

0 0 0 2.10,0 1.228 0 
.05 .01,044 .01,097 2.09,4 1.226 .00,524 
.10 .04,111 .04,315 2.07,7 1.221 .02,077 
.15 .09,009 .09,449 2.04,9 1.213 .04,611 
.20 .15,444 .16,184 2.01,1 1.203 .08,046 

.25 .23,05 .24,13 1.96,5 1.190 .12,28 

.30 .31,44 .32,86 1.91,1 1.174 .17,20 

.35 .40,20 .41,95 1.85,1 1.157 .226,7 

.40 .48,98 .51,02 i.i au 1.1'10 .285,7 

.45 .57,46 .59,73 1.717 1.122 .347,8 

.50 .65,40 .67,82 1.647 1.104,0 .411,8 

.55 .72,61 .75,10 1.576 1.086,7 .476,6 

.60 .78,98 .81,47 i.504 1.070,2 .541,6 

.65 .84,46 .86,84 1.434 1.055,0 .605,7 

.70 .89,02 .91,23 1.365 1.041,2 .668,6 

.75 .92,70 .94,67 1.297 1.029,1 .729,7 

.80 .95,54 .97,20 1.232 1.018,9 .788,7 

.85 .97,61 .98,92 1.170 1.010,9 .845,3 

.90 .98,99 .99,89 1.111 1.005,0 .899,5 

.95 .99,76 1.00,23 1.053,8 1.001,3 .951,1 

1.00 1.00,00 1.00,00 1.000,0 1.000,0 1.000,0 
1.05 .997,9 .993,0 .949,0 1.001,3 1.046,3 
1.10 .991,9 .982,1 .900,9 1.005,1 1.090,1 
1.15 .982,7 .967,9 .855,5 1.011,6 1.131,4 
1.20 .971,0 .951,1 .812,7 1.020,9 1.170,3 

1.25 .957,2 .932,2 .772,4 1.033,1 1.207 
1.30 .941,8 .911,8 .734,5 1.048,3 1.241 
1.35 .925,1 .890,2 .698,9 1.066,5 1.273 
1.40 .907,4 .867,8 .665,4 1.088,0 1.304 
1.45 .8892 .8449 .633,9 1.113,0 1.333 

1.50 .8706 .8217 .604,3 1.141 1.360 
1.55 .8518 .7984 .576,5 1.173 1.385 
1.60 .8329 .7753 .550,3 1.210 1.409 
1.65 .8141 .7524 .525,7 1.251 1.431 
1.70 .7955 .7298 .502,5 1.297 1.452 

Notes:   (1)  For values of M from 0 to 3.00, all digits to the left of the comma are valid 
for linear interpolation.   Where no comma is indicated in this region, all digits are 
valid for linear interpolation. 

(2)  The notation .0 a429 signifies .000429.   The notation 5370 4 signifies 5,370,000. 

FRICTI0NLESS,   CONSTANT-AREA FLOW WITH CHANGE IN 
STAGNATION TEMPERATÜRE    (Perfect Gas, k-1.1 exactly) 
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M 

r-- 

To/To* 

Table 4.17 

1.75 .7771 
1.80 .7591 
1.85 .7415 
1.90 .724,3 
1.95 .707,6 

2.00 .691,4 
2.05 .675,6 
2.10 .660,3 
2.15 .645,6 
2.20 .631,3 

2.25 .617,5 
2.30 .604,2 
2.35 .591,4 
2.40 .579,0 
2.45 .5671 

2.50 .5556 
2.55 .5445 
2.60 .5338 
2.65 .5235 
2.70 .5136 

2.75 .5041 
2.80 .4949 
2.85 .4860 
2.90 .4775 
2.95 .4693 

3.00 .4613 
3.50 .3960 
4.00 .3496 
4.50 .3160 
5.00 .2909 

6.00 .2568 
7.00 .2356 
8.00 .2215 
9.00 .2116 
10.00 .2045 

.1736 

Handbook of Supersonic Aerodynamics 

T/T* P/P* po/po* 

.707,6 .480,7 1.34,7 

.685,9 .460,1 1.40,3 

.664,8 .440,7 1.46,5 

.644,3 .422,4 1.53,2 

.624,3 .405,2 1.60,7 

.604,9 .388,9 1.68,9 

.586,2 .373,5 1.78,0 

.568,1 .358,9 1.87,9 

.550,6 .345,1 1.98,7 

.533,7 .332,1 2.10,6 

.517,4 .319,7 2.23,7 

.501,7 .307,9 2.38,0 

.486,6 .296,8 2.53,7 

.472,0 .286,3 2.70,9 

.458,0 .276,3 2.89,7' 

.444,4 .266,7 3.10,4 

.431,4 .2576 3.33,2 

.4189 .2489 3.58,1 

.4068 .2406 3.85,5 

.3952 .2328 4.15,6 

.3840 .2253 4.48,7 

.3733 .2182 4.85,1 

.3629 .2114 5.25,1 

.3529 .2049 5.69,2 

.3433 .1986 6.1,76 

.3341 

.2578 
.1927 
.1451 

6.710 
16.26 

.2040 .1129 42.42 

1648 .09023 115.70 

.1357 .07368 322.33 

.09631 .05172 2508. 

.07169 .03825 18430. 

.05536 .02941 1230; 

.04400 .02331 7430: 

.03579 .01892 4010 

p*/p 
v/v* 

1.472 
1.491 
1.508 
1.525 
1.541 

1.556 
1.570 
1.583 
1.595 
1.607 

1.618 
1.629 
1.639 
1.649 
1.658 

1.667 
1.675 
1.683 
1.690 
1.697 

1.704 
1.711 
1.717 
1.723 
1.729 

1.734 
1.777 
1.806 
1.827 
1.842 

1.862 
1.874 
1.882 
1.888 
1.892 

1.909 

FRICTI0NLESS,   CONSTANT-AREA FLOW WITH CHANGE IN 
STAGNATION TEMPERATURE  (Perfect Gas,  k=l.l exactly) 
(Concluded) 

n 1 
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v 

c 

P*/p 
M To/To* T/T* P/P* po/po* v/v* 

0 0 0 2.20,0 1.242 0 
.05 .01,094 .01,203 2.19,3 1.239 .00,548 
.10 .04,301 .04,726 2.17,3 1.234 .02,174 
.15 .09,408 .10,325 2.14,1 1.226 .04,820 
.20 .16,089 .17,627 2.09,9 1.214 .08,397 

.25 .23,95 .26,18 2.04,7 1.199 .12,79 

.30 .32,55 .35,48 1.98,6 1.183 .17,87 

.35 .41,47 .45,07 1.918 1.165 .235,0 

.40 .50,34 .54,50 1.846 1.146 .295,3 

.45 .58,84 .63,43 1.770 1.127 .358,4 

.50 .66,72 .71,60 1.692 1.107,8 .423,1 

.55 .73,81 .78,81 1.614 1.089,5 .488,4 

.60 .80,03 .84,97 1.536 1.072,2 .553,1 

.65 .85,31- .90,04 1.460 1.056,3 .616,8 

.70 .89,69 .94,05 1.385 1.042,0 .678,8 

.75 .93,18 .97,04 1.313 1.029,6 .738,8 

.80 .95,85 .99,10 1.244 1.019,1 .796,4 
85 .97,79 1.00,32 1.178 1.010,9 .851,4 

.90 .99,07 1.00,81 1.115 1.004,9 .903,7 

.95 .99,78 1.00,67 1.056,2 1.001,2 .953,2 

1.00 1.000,0 1.00,00 1.000,0 1.000,0 1.000,0 
1.05 .998,1 .988,8 .947,1 1.001,3 1.044,1 
1.10 .992,7 .974,1 .897,2 1.005,0 1.085,6 
1.15 .984,5 .956,4 .850,4 1.011,4 1.124,7 
1.20 .974,0 .936,5 .806,5 1.020,4 1.161,3 

1.25 .961,7 .914,9 .765,3 1.032,2 1.196 
1.30 .948,1 .892,1 .726,6 1.046,7 1.228 
1.35 .933,4 .868,5 .690,3 i. 064,0 1.258 
1.40 .918,0 .8443 .656,3 1.084,3 1.286 
1.45 .9.021 .8199 .624,5 1.107,7 1.313 

1.50 .8859 .7955 .594,6 1.134 1.338 
1.55 .8695 .7712 .566,6 1.164 1.361 
1.60 .8532 .7473 .540,3 1.197 1.383 
1.65 .8370 .723,7 .515,6 1.234 1.404 
1.70 .8211 .700,7 .492,4 1.275 1.423 

Jtfotes:    (1)  For values of M from 0 to 3.00, all digits to the left of the comma are valid 

for linear interpolation.   Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2)  The notation .0,429 signifies .000429.   The notation 5370, signifies 5,370,000. 

Table 4.18    FRICTI0NLESS,  CONSTANT-AREA FLOW WITH CHANGE IN 
STAGNATION TEMPERATÜRE  (Perfeci Gas,  k = 1.2 exactly) 
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M To/TV r£ /rp* 
P/P* P°/P° 

P7P 
v/v* 

1.75 .8054 .678,2 .470,6 1.320 1.441 
1.80 .7900 .656,3 .450,1 1.369 1.458 
1.85 .7750 .635,1 .430,8 1.42,2 1.474 
1.90 .7604 .614,6 .412,6 1.48,0 1.490 
1.95 .7462 .594,7 .395,5 1.54,3 1.504 

2.00 .7325 .575,5 .379,3 1.61,2 1.517 
2.05 .7192 .557,0 .364,1 1.68,7 1.530 
2.10 .7063 .539,1 .349,7 1.76,7 1.542 
2.15 .6939- .521,9 .336,0 1.85,4 1.553 
2.20 .6819 .505,4 .323,1 1.94,8 1.564 

2.25 .6703 .489,5 .310,9 2.05,0 1.574 
2.30 .6591 .474,2 .299,4 2.15,9 1.584 
2.35 .6484 .459,5 .288,4 2.27,7 1.593 
2.40 .6381 .445,3 .278,0 2.40,5 1.602 
2.45 .6281 .431,7 .268,2 2.54,2 1.610 

2.50 .6185 .418,7 .258,8 2.69,0 1.618 
2.55 .6093 .406,2 .2499 2.84,9 1.625 
2.60 .6004 .394,1 .2414 3.02,1 1.632 
2.65 .5918 .382,5 .2334 3.20,5 1.639 
2.70 .5836 .371,3 .2257 • 3.40,3 1.645 

2.75 .5757 .3606 .2184 3.61,7 1.651 
2.80 .5681 .3503 .2114 3.84,7 1.657 
2.85 .5608 .3404 .2047 4.09,4 1.663 
2.90 .5537 .3309 .1983 4.35,9 1.668 
2.95 .5469 .3217 .1923 4.64,4 1.673 

3.00 .5404 .3128 .1864 4.951 1.678 
3.50 .4865 .2405 .1401 9.597 1.717 
4.00 .4486 .1898 .1089 18.99 1.743 
4.50 .4211 .1531 .08696 37.61 1.761 
5.00 .4006 .1259 .07097 73.64 1.774 

6.00 .3730 .08919 .04977 266.2 1.792 
7.00 .3557 .06632 .03679 875.9 1.803 
8.00 .3443 .05118 .02828 2621 1.810 
9.00 .3363 .04065 .02240 7181 1.815 

10.00 .3306 .03306 .01818 18182 1.818 

> 

.3056 1.833 

^ o 

Table 4.18 FRICTIONLESS.  CONSTANT-AREA FLOW WITH CHANGE IN 
STAGNATION TEMPERATURE (Perfect Gas, k=1.2 exactly) 
(Concluded) 
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1/   •< 

-T> 

0 
.05 
.10 
.15 
.20 

.25 

.30 

.35 
.40 
.45 

.50 

.55 

.60 
.65 
.70 

.75 

.80 

.85 

.90 

.95 

1.00 
1.05 
1.10 
1.15 
1.20 

1.25 
1.30 
1.35 
1.40 
1.45 

1.50 
1.55 
1.60 
1.65 
1.70 

0 
.01,143 
.04,489 
.09,803 
.16,726 

.24,82 
.33,63 
.42,70 
.51,65 
.60,15 

.67,96 

.74,94 
.80,99 
.86,11 
.90,29 

.93,61 

.96,14 
.97,95 
.99,14 
.99,80 

1.000,0 
.998,2 
.993,3 
.985,9 
.976,5 

..965,6 
.953,4 
.940,4 
.9268 
.9128 

.8843 

.8701 

.8560 

.8421 

0 
.01,314 
.05,155 
.11,236 
.191,20 

.28,28 

.38,16 

.48,22 

.58,00 

.67,13 

.75,33 

.82,44 

.88,37 

.93,12 

.96,73 

.99,28 
1.00,88 
1.01,63 
1.01,66 
1.01,08 

1.000,0 
.985,1 
.966,9 
.946,1 
.923,5 

.899,6 

.874,7 

.8483 

.8237 

.7980 

.7726 

.747,5 

.723,0 

.699,0 

.675,6 

2.30,0 
2.29,3 
2.27,0 
2.23,4 
2.18,6 

2.12,7 
2.05,9 
1.98,4 
1.904 
1.821 

1.736 
1.651 
1.567 
1.485 
1.405 

1.328 
1.255 
1.186 
1.120 
1.0583 

1.000,0 
.945,2 
.893,9 
.845,8 
.800,8 

.758,8 
.719,4 
.682,6 
.648,3 
.616,1 

.586,0 

.557,8 

.531,4 
.506,7 
.483,5 

1.255 
1.253 
1.247 
1.237 
1.224 

1.209 
1.191 
1.172 
1.152 
1.131 

1.111,2 
1.091,9 
1.073,9 
1.057,4 
1.042,6 

1.029,9 
1.019,3 
1.010,9 
1.004,9 
1.001,2 

1.000,0 
1.001,2 
1.004,9 
1.011,1 
1.019,9 

1.031,2 
1.045,1 
1.061,7 
1.080,9 
1.102,8 

1.128 
1.155 
1.185 
1.219 
1.256 

0 
.00,573 
.02,270 
.05,028 
.08,745 

.13,29 
.18,53 
.243,0 
.304,6 
.368,7 

.434,0 

.499,4 

.564,0 

.627,2 

.688,5. 

.747,3 

.803,5 

.856,9 

.907,5 

.955,2 

1.000,0 
1.042,1 
1.081,6 
1.118,6 
1.153,2 

1.186 
1.216 
1.244 
1.270 
1.295 

1.318 
1.340 
1.360 
1.379 
1.397 

vA 
<r^ 

Notes:    (1)  For values of M from 0 to 3.00, all digits to the left of the comma are valid 
for linear interpolation.   Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2)  The notation .0 a429 signifies .000429.   The notation 5370, signifies 5,370,000. 

Table 4.19 FRICTIONLESS- CONSTANT-AREA FLOW WITH CHANGE IN 
STAGNATION TEMPERATÜRE (Perfect Gas» k=1.3 exactly) 
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PVP 
M To To* T T* P P* po'po* v/v* 

1.75 .8285 .652,9 .461,7 1.296 1.414 
1.80 .8153 .630,9 .441,3 1.340 1.430 
1.85 .8024 .609,7 .422,1 1.387 1.445 
1.90 .7898 .589,2 .404,0 1.438 1.459 
1.95 .7776 .569,5 .387,0 1.493 1.472 

2.00 .7659 .550,5 .371,0 1.552 1.484 
2.05 .7545 .532,2 .355,9 1.61,5 1.495 
2.10 .7435 .514,6 .341,6 1.68,3 1.506 
2.15 .7329 .497,7 .328,1 1.75,5 1.517 
2.20 .7227 .481,5 .315,4 1.83,2 1.527 

2.25 .7129 .465,9 .303,4 1.91,5 1.536 
2.30 .7034 .451,0 .292,0 2.00,3 1.545 
2.35 .6943 .436,7 .281,2 2.09,7 1.553 
2.40 .6855 .422,9 .271,0 2.19,7 1.561 
2.45 .6771 .409,7 .261,3 2.30,3 1.568 

2.50 .6690 .397,1 .252,1 2.41,6 1.575 
2.55 .6612 .385,0 .243,3 2.53,6 1.582 
2.60 .6537 .373,3 .2350 2.66,4 1.588 
2.65 .6465 .362,1 .2271 2.80,0 1.594 
2.70 .6396 .351,3 .2195 2.94,4 1.600 

2.75 .6329 .3410 .2123 3.09,6 1.606 
2.80 .6265 .3311 .2055 3.25,8 1.611 
2.85 .6203 .3216 .1990 3.42,9 1.616 
2.90 .6144 .3124 .1928 3.61,1 1.621 
2.95 .6087 .3036 .1868 3.80,4 1.626 

3.00 .6032 .2952 .1811 4.007 1.630 
3.50 .5582 .2262 .1359 6.808 1.665 
4.00 .5265 .1781 .1055 11.57 1.688 
4.50 .5037 .1435 .08417 19.44 1.704 
5.00 .4867 .1178 .06866 32.06 1.716 

6.00 .4639 .08335 .04812 76.97 1.732 
7.00 .4496 .06192 .03555 191.3 1.742 
8.00 .4402 .04775 .02732 413.4 1.748 
9.00 .4336 .03792 .02164 833.4 1.753 
10.00 .4289 .03082 .01756 1582 1.756 

.4083 1.769 

''   A 

Table 4.19    FRICTIÖNLESS CONSTANT-AREA FLOW WITH CHANGE IN 
STAGNATION  TEMPERATURE  (Perfect Gas, k = 1.3 exactly) 
(Concluded) 
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o 
.01 
.02 
.03 
.04 

.05 

.06 
.07 
.08 
.09 

.10 
.11 
.12 
.13 
.14 

.15 
.16 
.17 
.18 
.19 

.20 

.21 

.22 
.23 
.24 

.25 
.26 
.27 
.28 
.29 

.30 
.31 
.32 
.33 
.34 

.35 

.36 
.37 
.38 
.39 

.40 
.41 
.42 
.43 
.44 

0 
.0.34,80 
.001,92 
.004,31 
.007,65 

.011,92 
.017,12 
.023,22 
.030,21 
.038,07 

.046,78 

.056,30 

.066,61 

.077,68 

.089,47 

.101,96 
.115,11 
.128,88 
.143,24 
.158,14 

.173,55 

.1894,3 

.2057,4 
.2224,4 
.2394,8 

.2568,4 

.2744,6 
.2923,1 
.3103,5 
.3285,5 

.3468,6 

.3652,5 
.3836,9 
.4021,4 
.4205,7 

.4389,4 
.4572,3 
.4754,1 
.4934,6 
.5113,4 

.5290,3 
.5465,1 
.5637,6 
.5807,5 
.5974,8 

0 
.0 35,76 
.002,30 
.005,16 
.009,17 

.014,30 

.020,53 

.027,84 
.036,21 
.045,62 

.056,02 

.067,39 
.079,70 
.092,90 
.106,95 

.121.81 

.137,43 

.153,77 

.170,78 
.188,41 

.206,61 
.225,33 
.2445,2 
.2641,3 
.2841,1 

.3044,0 

.3249,6 
.3457,3 
.3666,7 
.3877,3 

.4088,7 

.4300,4 
.4511,9 
.4722,8 
.4932,7 

.5141,3 

.5348,2 
.5553,0 
.5755,3 
.5954,9 

.6151,5 
.6344,8 
.6534,5 
.6720,5 
.690,25 

2.400,0 
2.399,7 
2.398,7 
2.397,0 
2.394,6 

2.391,6 
2.388,0 
2.383,7 
2.378,7 
2.373,1 

2.366,9 
2.360,0 
2.352,6 
2.344,5 
2.335,9 

«.326,7 
2.317,0 
2.306,7 
2.295,9 
2.284,5 

2.2727 
2.2604 
2.2477 
2.2345 
2.2209 

2.2069 
2.1925 
2.1777 
2.1626 
2.1472 

2.1314 
2.1154 
2.0991 
2.0825 
2.0657 

2.0487 
2.0314 
2.0140 
1.9964 
1.9787 

1.9608 
1.9428 
1.9247 
1.9065 
1.8882 

1.2679 
1.2678 
1.2575 
1.2671 
1.2665 

1.2657 
1.2647 
1.2636 
1.2623 
1.2608 

1.2591 
1.2573 
1.2554 
1.2533 
1.2510 

1.2486 
1.2461 
1.2434 
1.2406 
1.2377 

1.2346 
1.2314 
1.2281 
1.2248 
1.2213 

1.2177 
1.2140 
1.2102 
1.2064 
1.2025 

1.1985 
1.1945 
1.1904 
1.1863 
1.1821 

1.1779 
1.1737 
1.1695 
1.1652 
1.1609 

1.1566 
1.1523 
1.1480 
1.1437 
1.1394 

0 
.032,40 
.0 39,59 
.002,16 
.003,83 

.005,98 

.008,60 

.011,68 
.015,22 
.019,22 

.023,67 
.028,56 
.033,88 
.039,62 
.0457,8 

.0523,5 

.0593,1 
.0666,6 
.0743,8 
.0824,7 

.0909,1 

.0996,9 

.1087,9 
.1182,0 
.1279,2 

.1379,3 
.1482,1 
.1587,6 
.1695,5 
.1805,8 

.1918,3 
.2032,9 
.2149,4 
.2267,8 
.2387,9 

.2509,6 

.2632,7 
.2757,2 
.2882,8 
.3009,5 

.3137,2 
.3265,8 
.3395,1 
.3525,1 
.36556 

Notes: 
(1) For values of M from-O t« 3.00, all digits to the left of the comma are vaild 

for linear interpolation.   Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2)  The notation .0 3429 signifies .000429.   The notation 5370, signifies 5,370,000. 

Table 4.20    FRICTIONLESS,  CONSTANT-AREA FLOW WITH CHANGE IN" 
STAGNATION TEMPERATURE  (Perfect Gas, k = 1.4 exactly) 
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$ 

fi 

.45 

.46 

.47 

.48 

.49 

.50 

.51 

.52 

.53 

.54 

.55 

.56 

.57 

.58 

.59 

.60 

.61 

.62 

.63 

.64 

.65 

.66 

.67 

.68 

.69 

.70 

.71 

.72 

.73 

.74 

.75 

.76 

.77 

.78 

.79 

.80 

.81 

.82 

.83 
"-84 

.6139,3 

.6300,7 

.6458,9 

.6613,9 

.6765,5 

.6913,6 

.7058,1 

.7199,0 

.7336,1 

.7469,5 

.7599,1 

.7724,8 

.7846,7 

.7964,7 

.8078,9 

.8189,2 

.8295,6 

.8398,2 

.8497,0 

.8592,0 

.8683,3 

.8770,9 

.8854,8 

.8935,0 

.9011,7 

.9085,0 

.9154,8 

.9221,2 

.9284,3 

.9344,2 

.9400,9 

.9454,6 

.9505,2 

.9552,8 

.9597,5 

.9639,4 

.9678,6 

.9715,2 

.9749,2 

.9780,7 

.9809,7 

.9836,3 

.9860,7 

.9882,8 

.9902,8 

.708,03 

.725,38 

.742,28 

.758,71 

.774,66 

.790,12 

.805,09 

.819,55 

.833,51 

.846,95 

.859,87 

.872,27 

.884,15 

.895,52 

.906,37 

.916,70 

.926,53 

.935,85 

.944,66 

.952,98 

.960,81 

.968,16 

.975,03 

.981,44 

.987,39 

.992,89 

.997,96 
1.002,60 
1.0068,2 
1.0106,2 

1.0140,3 
1.0170,6 
1.0197,1 
1.0219,8 
1.0239,0 

1.0254,8 
1.0267,2 
1.0276,3 
1.0282,3 
1.0285,3 

1.0285,4 
1.0282,6 
1.0277,1 
1.0269,0 
1.0258,3 

1.8699 
1.8515 
1.8331 
1.8147 
1.7962 

1.7778 
1.7594 
1.7410 
1.7226 
1.7043 

1.6860 
1.6678 
1.6496 
1.6316 
1.6136 

1.5957 
1.5780 
1.5603 
1.5427 
1.5253 

1.5080 
1.4908 
1.4738 • 
1.4569 
1.4401 

1.4235 
1.4070 
1.3907 
1.3745 
1.3585 

1.3427 
1.3270 
1.3115 
1.2961 
1.2809 

1.2658 
1.2509 
1.2362 
1.2217 
1.2073 

1.1931 
1.1791 
1.1652 
1.1515 
1.1380 

1.1351 
1.1308 
1.1266 
1.1224 
1.1182 

1.1140 
1.1099 
1.1059 
1.1019 
1.0979 

1.09397 
1.09010 
1.08630 
1.08255 
1.07887 

1.0752,5 
1.0717,0 
1.068,21 
1.0648,0 
1.0614,6 

1.0582,0 
1.0550,2 
1.0519,2 
1.0489,0 
1.0459,6 

1.0431,0 
1.0403,3 
1.0376,4 
1.0350,4 
1.0325,3 

1.0301,0 
1.0277,6 
1.0255,2 
1.0233,7 
1.0213,1 

1.0193,4 
1.0174,6 
1.0156,9 
1.0139,9 
1.0124,0 

1.0109,1 
1.00951 
1.00819 
1.00698 
1.00587 

.37865 

.39178 

.40493 
.4'. mo 
.43127 

.44445 

.45761 
.47075 
.48387 
.49696 

.5100,1 

.5230,2 

.5359,7 
.5488,7 
.5617,0 

.5744,7 

.5871,6 

.5997,8 

.6123,2 

.6247,7 

.6371,3 

.6494,1 

.6615,9 

.6736,7 

.6856,4 

.6975,1 
.7092,7 
.7209,3 
.7324,8 
.7439,2 

.7552,5 

.7664,6 

.7775,5 

.7885,2 

.7993,8 

.8101,2 

.8207,5 

.8312,6 

.8416,4 

.8519,0 

.8620,4 

.8720,6 
.8819,6 
.8917,5 
.9014,2 

3 

Table 4=20 

(Continued) 
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S 

Y 

Ü 

/>. i, 

.90 

.91 

.92 
.93 
.94 

.95 

.96 
.97 
.98 
.99 

1.00 
1.01 
1.02 
1.03 
1.04 

1.05 
1.06 
1.07 
1.08 
1.09 

1.10 
1.11 
1.12 
1.13 
1.14 

1.15 
1.16 
1.17 
1.18 
1.19 

1.20 
1.21 
1.22 
1.23 
1.24 

1.25 
1.26 
1.27 
1.28 
1.29 

1.30 
1.31 
1.32 
1.33 
1.34 

.9920,7 

.9936,6 

.9950,6 

.9962,7 

.9972,9 

.9981,4 

.9988,3 

.9993,5 

.9997,2 

.9999,3 

1.0000,0 
.9999,3 
.9997,3 
.9994,0 
.9989,5 

.9983,8 

.9976,9 

.9969,0 

.9960,0 

.9950,1 

.9939,2 

.9927,4 

.9914,8 

.9901,3 

.9887,1 

.9872,1 
.9856,4 
.9840,0 
.9823,0 
.9805,4 

.9787,2 

.9768,5 

.9749,2 

.97294 

.97092 

.96886 

.96675 

.96461 

.96243 

.96022 

.95798 

.95571 

.95341 

.95108 

.94873 

1.0245,1 
1.0229,7 
1.0212,0 
1.0192,1 
1.0170,2 

1.0146,3 
1.0120,5 
1.0092,9 
1.0063,6 
1.0032,6 

1.0000,0 
.9965,9 
.9930,4 
.9893,6 
.9855,5 

.9816,1 

.9775,5 

.9733,9 

.9691,3 

.9647,7 

.9603,1 

.9557,7 

.9511,5 

.9464,6 

.9416,9 

.9368,5 

.9319,5 

.9270,0 

.9220,0 

.9168,5 

.91185 

.90671 

.90153 

.89632 

.89108 

.88581 

.88052 

.87521 

.86988 

.86453 

.85917 

.85380 

.84843 

.84305 

.83766 

1.1246 
1.1114 
1.0984,2 
1.0855,5 
1.0728,5 

1.0603,0 
1.0479,2 
1.0357,0 
1.0236,4 
1.0117,4 

1.0000,0 
.9884,1 
.9769,7 
.9656,9 
.9545,6 

.9435,8 

.9327,5 

.9220,6 

.9115,2 

.9011,2 

.8908,6 

.8807,5 

.8707,8 

.8609,4 

.8512,3 

.8416,6 

.8322,2 

.8229,2 

.8137,4 

.8046,8 

.7957,6 

.7869,5 

.7782,7 

.7697,1 

.7612,7 

.7529,4 

.7447,3 

.7366,3 

.7286,5 

.7207,8 

.7130,1 

.7053,5 

.6978,0 

.6903,5 

.6830,1 

1.0048,5 
1.0039,3 
1.0031,0 
1.0023,7 
1.0017,4 

1.0012,1 
1.0007,7 
1.0004,3 
1.0001,9 
1.0000,4 

1.0000,0 
1.0000,4 
1.0001,9 
1.0004,3 
1.0007,7 

1.0012,1 
1.0017,5 
1.0023,8 
1.0031,1 
1.0039,4 

1.0048,6 
1.0058,8 
1.0069,9 
1.0082,0 
1.0095,1 

1.0109,2 
1.0124,3 

1.0157,2 
1.0175,2 

1.0194,1 
1.0214,0 
1.0234,8 
1.0256,6 
1.0279,4 

f.0303,2 
1.0328,0 
1.0353,6 
1.0380,3 
1.0408,0 

1.0436,5 
1.0466,1 
1.0496,7 
1.0528,3 
1.0560.8 

.9109,7 

.9203,9 

.9297,0 

.9388,9 

.9479,6 

.9569,2 

.9657,6 

.9744,9 

.9831,1 

.9916,1 

1.0000,0 
1.0082,8 
1.0164,4 
1.0245,0 
1.0324,6 

1.0403,0 
1.0480,4 
1.0556,7 
1.0632,0 
1.0706,2 

1.0779,5 
1.0851,8 
1.0923,0 
1.0993,3 
1.1062,6 

1.1131 
1.1198 
1.1264 
1.1330 
1.1395 

1.1459 
1.1522 • 
1.1584 
1.1645 
1.1705 

1.1764 
1.1823 
1.1881 
1.1938 
1.1994 

1.2050 
1.2105 
1.2159 
1 2212 
L2264 

Table 4.20 FRICTI0NLESS,  CONSTANT-AREA FLOW WITH CHANGE IN 
STAGNATION TEMPERATÜRE (Perfect Gas, k=1.4 exactly) 
(Continued) 
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P*/p 
M To/To* T/T* P/P* po/po* v/v* 

1.35 .94636 .83227 .6757,7 1.0594,3 1.2316 
1.36 .94397 .82689 .6686,3 < 1.0628,8 1.2367 
1.37 .94157 .82151 .6615,9 1.0664,2 1.2417 
1.38 .93915 .81613 .6546,4 1.0700,6 1.2467 
1.39 .93671 .81076 .6477,8 1.0738,0 1.2516 

1.40 .93425 .80540 .6410,2 1.0776,5 1.2564 
1.41 .93178 .80004 .6343,6 1.0815,9 1.2612 
1.42 .92931 .79469 .6277,9 1.0856,3 1.2659 
1.43 .92683 .78936 .6213,1 1.0897,7 1.2705 
1.44 .92434 .78405 .6149,1 1.0940,0 1.2751 

1.45 .92184 .77875 .6086,0 1.0983 1.2796 
1.46 .91933 .77346 .6023,7 1.1028 1.2840 
1.47 .91682 .76819 .5962,3 1.1073 1.2884 
1.48 .91431 .76294 .5901,8 1.1120 1.2927 
1.49 .91179 .75771 .5842,1 1.1167 1.2970 

1.50 .90928 .75250 .5783,1 1.1215 1.3012 
1.51 .90676 .74731 .5725,0 1.1264 1.3054 
1.52 .90424 .74215 .5667,7 1.1315 1.3095 
1.53 .90172 .73701 .5611,1 1.1367 1.3135 
1.54 .89920 .73189 .5555,3 1.1420 1.3175 

1.55 .89669 .72680 .5500,2 1.1473 1.3214 
1.56 .89418 .72173 .5445,8 1.1527 1.3253 
1.57 .89167 .71669 .5392,2 1.1582 1.3291 
1.58 .88917 .71168 .5339,3 1.1639 1.3329 
1.59 .88668 .70669 .5287,1 1.1697 1.3366 

1.60 .88419 .70173 .5235,6 1.1756 1.3403 
1-.Ö1 .88170 .69680 .5184,8 1.1816 1.3439 
1.62 .87922 .69190 .5134,6 1.1877 1.3475 
1.63 .87675 .68703 .5085,1 1.1939 1.3511 
1.64 .87429 .68219 .5038,3 1.2002 1.3546 

1.65 .87184 .67738 .4988,1 1.2066 1.3580 
1.66 .86940 .67259 .4940,5 1.2131 1.3614 
1.67 .86696 .66784 .4893,5 1.2197 1.3648 
1.68 .86453 .66312 .4847,1 1.2264 1.3681 
1.69 .86211 .65843 .4801,4 1.2332 1.3713 

1.70 .85970 .65377 .4756,3 1.2402 1.3745 
1.71 .85731 .64914 .4711,7 1.2473 1.3777 
1.72 .85493 .64455 .4667,7 1.2545 1.3809 
1.73 .85256 .63999 .4624,2 1.2618 1.3840 
1.74 .85020 .63546 .4581,3 1.2692 1.3871 

1.75 .84785 .63096 .4539,0 1.2767 1.3901 
1.76 .84551 .62649 .4497,2 1.2843 1.3931 
1.77 .84318 .62205 .4455,9 1.2920 1.3960 
1.78 .84087 .61765 .4415,2 1.2998 1.3989 
1.79 .83857 .61328 .4375.0 1.3078 1.4018 

Table 4.20 

1 

1 

FRICTIUNLESS,  CONSTANT-AREA FLOW WITH CHANGE IN 
STAGNATION TEMPERATURE (Perfect Gas, k=1.4 exactly) 
(Continued) 
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P*/p 
M To/To* T/T* P/P* Po/po* V/V* 

1.80 .83628 .60894 .4335,3 1.3159 1.4046 
1.81 .83400 .60463 .4296,0 1.3241 1.4074 
1.82 .83174 .60036 .4257,3 1.3324 1.4102 
1.83 .82949 .59612 .4219,1 1.3408 1.4129 
1.84 .82726 .59191 .4181,3 1.3494 1.4156 

1.85 .82504 .58773 .4144,0 1.3581 1.4183 
1.86 .82283 .58359 .41072 1.3669 1.4209 
1.87 .82064 .57948 .40708 1.3758 1.4235 
1.88 .81846 .57540 .40349 1.3848 1.4261 
1.89 .81629 .57135 .39994 1.3940 1.4286 

1.90 .81414 .56734 .39643 1.4033 1.4311 
1.91 .81200 .56336 .39297 1.4127 1.4336 
1.92 .80987 .55941 .38955 1.4222 1.4360 
1.93 .80776 .55549 .38617 1.4319 1.4384 
1.94 .80567 .55160 .38283 1.4417 1.4408 

1.95 .80359 .54774 ,37954 1.4516 1.4432 
1.96 .80152 .54391 .37628 1.4616 1.4455 
1.97 .79946 .54012 .37306 1.4718 1.4478 
1.98 .79742 .53636 .36988 1.4821 1.4501 
1.99 .79540 .53263 .36674 1.4925 1.4523 

2.00 .79339 .52893 .36364 1.5031 1.4545 
2.01 .79139 .52526 .36057 1.5138 1.4567 
2.02 .78941 .52161 .35754 1.5246 1.4589 
2.03 .78744 .51800 .35454 1.5356 1.4610 
2.04 .78549 .51442 .35158 1.5467 1.4631 

2.05 .78355 .51087 .34866 1.5579 1.4652 
2.06 .78162 .50735 .34577 1.5693 1.4673 
2.07 .77971 .50386 .34291 1.5808 1.4694 
2.08 .77781 .50040 .34009 1.5924 1.4714 
2.09 .77593 .49697 .33730 1.6042 1.4734 

2.10 .77406 .49356 .33454 1.6161 1.4753 
2.11 .77221 .49018 .33181 1.6282 1.4773 
2.12 .77037 .48683 .32912 1.6404 1.4792 
2.13 .76854 .48351 .32646 1.6528 1.4811 
2.14 .76673 .48022 .32383 1.6653 1.4830 

2.15 .76493 .47696 .32122 1.6780 1.4849 
2.16 .76314 .47373 .31864 1.6908 1.4867 
2.17 .76137 .47052 .31610 1.7037 1.4885 
2.18 .75961 .46734 .31359 1.7168 1.4903 
2.19 .75787 .46419 .31110 1.7300 1.4921 

2.20 .75614 .46106 .30864 1.7434 1.4939 
2.21 .75442 .45796 .30621 1.7570 1.4956 
2.22 .75271 .45489 .30381 1.7707 1.4973 
2.23 .75102 .45184 .30143 1.7846. 1.4990 
2.24 .74934 .44882 .29908 1.7986 1.5007 

Table 4.20 FRICTI0NLESS,  CONSTANT-AREA PLOW WITH CHANGE IN 
STAGNATION TEMPERATURE (Perfect Gas, k=1.4 exactly) 
(Continued) 
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P*/P 
M To/To* T/T* P/P* p0/po* V/V* 

2.25 .74767 .44582 .29675 1.8128 1.5024 
2.26 .74602 .44285 .29445 1.8271 1.5040 
2.27 .74438 .43990 .29218 1.8416 1.5056 
2.28 .74275 .43698 .28993 1.8562 1.5072 
2.2Ö .74114 .43409 .28771 1.8710 1.5088 

2.3U .73954 .43122 .28551 1.8860 1.5104 
2.31 .73795 .42837 .28333 1.9012 1.5119 
2.32 .73638 .42555 .28118 1.9165 1.5134 
2.33 .73482 .42276 .27905 1.9320 1.5150 
2.34 .73327 .41999 .27695 1.9476 1.5165 

2.35 .73173 .41724 .27487 1.9634 1.5180 
2.36 .73020 .41451 .27281 1.9794 1.5195 
2.37 .72868 .41181 .27077 1.9955 1.5209 
2.38 .72718 .40913 .26875 2.0118 1.5223 
2.39 .72569 .40647 .26675 2.0283 1.5237 

2.40 .72421 .40383 .26478 2.0450 1.5252 
2.41 .72274 .40122 .26283 2.0619 1.5266 
2.42 .72129 .39863 .26090 2.0789 1.5279 
2.43 .71985 .39606 .25899 2.0961 1.5293 
2.44 .71842 .39352 .25710 2.1135 1.5306 

2.45 .71700 .39100 .25523 2.1311 1.5320 
2.46 .71559 .38850 .25337 2.1489 1.5333 
2.47 .71419 .38602 .25153 2.1669 1.5346 
2.48 .71280 .38356 .24972 2.1850 1.5359 
2.49 .71142 .38112 .24793 2.2033 1.5372 

2.50 .71005 .37870 .24616 2.2218 1.5385 
2.51 .70870 .37630 .24440 2.2405 1.5398 
2:52 .70736 .37392 .24266 2.2594 1.5410 
2.53 .70603 .37157 .24094 2.2785 1.5422 
2.54 .70471 .36923 .23923 2.2978 1.5434 

2.55 .70340 .36691 .23754 2.3173 1.5446 
2.56 .70210 .36461 .23587 2.3370 1.5458 
2.57 .70081 .36233 .23422 2.3569 1.5470 
2.58 .69953 .36007 .23258 2.3770 1.5482 
2.59 .69825 .35783 .23096 2.3972 1.5494 

2.60 .69699 " .35561 .22936 2.4177 1.5505 
2.61 .69574 .35341 .22777 2.4384 1.5516 
2.62 .69450 .35123 .22620 2.4593 1.5527 
2.63 .69327 .34906 .22464 2.4804 1.5538 
2.64 .69205 .34691 .22310 2.5017 1.5549 

2.65 .69084 .34478 .22158 2.5233 1.5560 
2.66 .68964 .34267 .22007 2.5451 1.5571 
2.67 .68845 .34057 .21857 2.5671 1.5582 
2.68 :68727 .33849 .21709 2.5892 1.5593 
2.69 .68610 .33643 .21562 2.6116 

—: —= *— 
1.5603 

1 

1 

Table 4.20 FRICTI0NLESS,  CON STAKT-AREA FLOW WITH CHANGE IN 
STAGNATION TEMPERATUBE (Perfect Gas, k = 1.4 exactly) 
(Continued) 
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^ 

P*/P 
M To/To* T/T* p/p* po/po* v/v* 

2.70 .68494 .33439 .21417 2.6342 1.5613 
2.71 .68378 .33236 .21273 2.6571 1.5623 
2.72 .68263 .33035 .21131 2.6802 1.5633 
2.73 .68150 .32836 .20990 2.7035 1.5644 
2.74 .68038 .32638 .20850 2.7270 1.5654 

2.75 .67926 .32442 .20712 2.7508 1.5663 
2.76 .67815 .32248 .20575 2.7748 1.5673 
2.77 .67704 .32055 .20439 2.7990 1.5683 
2.78 .67595 .31864 .20305 2.8235 1.5692 
2,79 .67487 .31674 .20172 2.8482 1.5702 

2.80 .67380 .31486 .20040 2.8731 1.5711 
2.81 .67273 .31299 .19909 2.8982 1,5721 
2.82 .67167 .31114 .19780 2.9236 1.5730 
2.83 .67062 .30931 .19652 2.9493 1.5739 
2.84 .66958 .30749 .19525 2.9752 1.5748 

2.85 .66855 .30568 .19399 3.0013 1.5757 
2.86 .66752 .30389 .19274 3.0277 1.5766 
2.87 .66650 .30211 .19151 3.0544 1.5775 
2.88 .66549 .30035 .19029 3.0813 1.5784 
2.89 .66449 .29860 .18908 3.1084 1.5792 
2.90 .66350 .29687 .18788 3.1358 1.5801 
2.91 .66252 .29515 .18669 3.1635 -l conn 

2.92 .66154 .29344 .18551 3.1914 1.5818 
2.93 .66057 .29175 .18435 3.2196 1.5826 
2.94 .65961 .29007 .18320 3.2481 1.5834 

2.95 .65865 .28841 .18205 3.2768 1.5843 
2.96 .65770 .28676 .18091 3.3058 1.5851 
2.97 .65676 .28512 .17978 3.3351 1.5859 
2.98 .65583 .28349 .17867 3.3646 1.5867 
2.99 .65490 .28188 .17757 3.3944 1.5875 

3.00 .65398 .28028 .17647 3.4244 1.5882 
3.50 .61580 .21419 .13223 5.3280 1.6198 
4.00 .58909 .16831 .10256 8.2268 1.6410 
4.50 .56983 .13540 .08177 12.502 1.6559 
5.00 .55555 .11111 .06667 18.634 1.6667 

6.00 .53633 .07849 .04669 38.946 1.6809 
7.00 .52437 .05826 .03448 '75.414 1.6896 
8.00 .51646 .04491 .02649 136.62 1.6954 
9.00 .51098 .03565 .02098 233.88 1.6993 
10.00 .50702 .02897 .01702 381.62 1,7021 

.48980 1.7143 

vi> 

Table 4.20 FRICTIONLESS,  CONSTANT-AREA PLOW WITH CHANGE IN 
STAGNATION TEMPERATÜRE (Perfect Gas, k = 1.4 exactly) 
(Concluded) 
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o 
.05 
.10 
.15 
.20 

.25 

.30 

.35 

.40 

.45 

.50 

.55 

.60 

.65 

.70 

.75 

.80 

.85 

.90 

.95 

1.00 
1.05 
1.10 
1.15 
1.20 

1.25 
1.30 
1.35 
1.40 
1.45 

1.50 
1.55 
1.60 
1.65 
1.70 

0 
.01,325 
.05,183 
.11,243 
.19,020 

.27,94 

.37,42 

.46,93 

.56,06 

.64,48 

.72,01 

.78,53 

.84,02 

.88,53 

.92,13 

.94,91 

.96,97 

.98,42 

.993,5 

.998,5 

1.000,0 
.998,7 
.995,2 
.989,9 
.983,3 

.975,7 

.967,4 

.9586 

.9495 

.9403 

.9310 

.9217 

.9125 

.9035 

.8947 

0 
.01,767 
.06,896 
.14,90 
.25,06 

.36,53 

.48,49 

.60,18 

.71,03 

.80,62 

.88,70 

.95,19 
1.00,10 
1.03,54 
1.05,65 

1.06,62 
1.06,60 
1.05,78 
1.04,32 
1.023,5 

1.000,0 
.973,6 
.945,4 
.915,8 
.8855 

.8550 

.8246 

.794,6 

.765,2 

.736,5 

.708,7 

.681,8 

.655,9 

.630,9 

.606,9 

2.67,0 
2.65,9 
2.62,6 
2.57,3 
2.50,3 

2.41,8 
2.32,1 
2.216 
2.107 
1.995 

1.884 
1.774 
1.66,7 
1.56,5 
1.46,8 

1.37,7 
1.29,1 
1.21,0 
1.13,5 
1.06,49 

1.00,00 
.939,8 
.883,9 
.832,1 
.784,2 

.739,7 

.698,5 

.660,3 

.624,9 

.591,9 

.561,2 

.532,7 

.506,2 

.481,4 

.458,3 

1.29,9 
1.29,7 
1.28,9 
1.276 
1.259 

1.239 
1.216 
1.192 
1.168 
1.144 

1.120,2 
1.098,1 
1.077,8 
1.059,7 
1.043,8 

1.030,3 
1.019,3 
1.010,8 
1.004,8 
1.001,2 

1.000,0 
1.001,2 
1.004,6 
1.010,3 
1.018,1 

1.028,0. 
1.040,0 
1.054,0 
1.070,0 
1.088,0 

1.108 
1.130 
1.154 
1.179 
1.206 

0 
.00,665 
.02,626 
.05,790 
.10,011 

.15,11   • 

.20,89 

.271,5 

.337,1 

.404,0 

.470,9 

.536,6 

.600,3 

.661,4 
.719,5 

.774,4 

.826,0 

.874,2 

.919,2 

.961,1 

1.000,0 
1.036,1 
1.069,5 
1.100,5 
1.129,2 

1.156 
1.181 
1.204 
1.225 
1.245 

1.263 
1.280 
1.296 
1.311 
1.324 

^ 

Notes:    (1)  ** «*- - * ^    »£.      — is Seated in this «*» * «* « 
for linear interpolation.   Where no 

valid for linear interpolation. gm ( signifies 5)370,000. 

(2)  The notation .0,429 signifies .000429. 

Table 4.21   FRICTI0NLESS*  CONSTANT-AREA FLOW WITH CHANGE IN 
STAGNATION TEMPERATURE (Perfect Gas, k=1.67 exactly) 

3 
t 
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P*/P 
M T0/To* T/T* p/p* P°/P°* v/v* 

1.75 .8862 .584,0 .436,7 1.235 1.337 
1.80 .8779 .562,0 .416,5 1.266 1.349 
1.85 .8699 .541,0 .397,6 1.299 1.360 
1.90 .8621 .520,9 .379,9 1.334 1.371 
1.95 .8546 .501,8 .363,3 1.370 1.381 

2.00 .8474 .483,5 .347,7 1.408 1.391 
2.05 .8405 .466,0 .333,0 1.448 1.400 
2.10 .8338 .449,3 .319,2 1.490 1.408 
2.15 .8274 .433,4 .306,2 1.534 1.415 
2.20 .8213 .418,3 .294,0 1.580 1.423 

2.25 .8154 .403,8 .282,4 1.628 1.430 
2.30 .8097 .389,9 .271,5 1.678 1.436 
2.35 .8043 .376,7 .261,2 1.729 1.442 
2.40 .7991 .364,1 .251,4 1.783 1.448 
2.45 .7941 .352,1 .242,2 1.839 1.454 

2.50 .7893 .340,6 .233,4 1.897 1.459 
2.55 .7847 .329,6 .225,1 1.956 1.464 
2.00 .7803 .319,1 .2173 2.018 1.469 
2.65 .7761 .309,0 .2098 2.082 1.473 
2.70 .7721 .2994 .2027 2.148 1.477 

2.75 .7682 .2902 .1959 2.216 1.481 
2.80 .7644 .2814 .1895 2.287 1.485 
2.85 .7608 .2730 .1834 2.360 1.489 
2.90 .7574 .2649 .1775 2.435 1.493 
2.95 .7541 .2571 .1719 2.512 1.496 

3.00 .7509 .2497 .1666 2.587 1.499 
3.50 .7251 .1897 .1244 3.521 1.524 
4.00 .7072 .1484 .09632 4.716 1.541 
4.50 .6943 .1191 .07669 6.213 1.553 
5.00 .6848 .0975 .06246 8.044 1.561 

6.00 .6721 .06870 .04368 12.86 1.573 
7.00 .6642 .05092 .03224 19.44 1.580 
8.00 .6590 .03920 .02475 28.07 1.584 
9.00 .6553 .03110 .01959 39.05 1.587 
10.00 .6528 .02526 .01589 52.66 1.589 

.6414 1.599 

<A O 

Table 4.21 FRICTI0NLESS,  CONSTANT-AREA FLOW WITH CHANGE IN 
STAGNATION TEMPERATURE (Perfect Gas, k=1.67 exactly) 
(Concluded) 

883275 O - 50 - 23 
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V/V* 
M <p /"p* p/p* P%°* P*/P F/F* 4fLn.SX/D 

0 1.000 CO CO 0 OS CO 

.05 1.000 2,0.000 1,2.146 .0500 10..025 3,93.01 

.10 1.000 1,0.000 ,6.096 .1000 5..050 ,94.39 

.15 1.000 6.,667 4..089 .1500 3..408 3,9.65 

.20 1.000 5..000 3..094 .2000 2.6,00 2,0.78 

.25 1.000 4.0,00 2.5,03 .2500 2.1,25 1,2.23 
.30 1.000 3.3,33 2.1,15 .3000 1.8,17 7..703 
.35 1.000 2.8,57 1.8,42 .3500 1.6,04 5..064 
.40 1.000 2.5,00 1.6,43 .4000 1.45,0 3..417 
.45 1.000 2.2,22 1.49,2 .4500 1.33,6 2.3,41 

.50 1.000 2.00,0 1.37,5 .5000 1.25,0 1.6,14 
.55 1.000 1.81,8 1.28,3 .5500 1.18,4 1.1,10 
.60 1.000 1.66,7 1.21,0 .6000 1.13,3 .7,561 
.65 1.000 1.53,9 1.15,3 .6500 1.09,42 .5,053 
.70 1.000 1.42,9 1.10,7 .7000 1.06,43 .3,275 

.75 1.000 1.33,3 1.07,14 .7500 1.04,17 .20,24 

.80 1.000 1.25,0 1.04,41 .8000 1.02,50 .11,62 

.85 1.000 1.17,6 1.02,40 .8500 1.01,32 .05,904 

.90 1.000 1.11,1 1.01,04 .9000 1.005,6 .02,385 

.95 1.000 1.05,26 1.00,26 .9500 1.001,3 .00,545 

1.00 1.000 1.00,00 1.00,00 1.0000 1.000,0 0 
1.05 1.000 .952,4 1.00,25 1 nsnn 1.001,2 .00.461 
1.10 1.000 .909,1 1.00,97 1.100 1.004,5 .01,707 
1.15 1.000 .869.5 1.02,17 1.150 1.009,8 .03,567 
1.20 1.000 .833,3 1.03,84 1.200 1.016,7 .059,09 

i.as 1.000 .800,0 1.05,98 1.250 1.025,0 .086,29 
2.30 1.000 .769,2 1.08,62 1.300 1.034,6 .116,4 
1.35 1.000 .740,7 1.11,8 1.350 1.045,3 .148,9 
1.40 1.000 .714,3 1.15,4 1.400 1.057,1 .183,1 
1.45 1.000 .689,7 1.19,6 1.450 1.069,8 .218,8 

1.50 1.000 .666,7 1.24,5 1.500 1.083,3 .255,4 
1.55 1.000 .645,2 1.30,0 1.550 1.097,6 .292,7 
1.60 1.000 .625,0 1.36,3 1.600 1.112 .3306 
1.65 1.000 .606,1 1.43,4 1.650 1.128 .3689 
1.70 1.000 .588,2 1.51,4 1.700 1.144 -4ATO .•JUIÜ 

^ 
I ^ 

Notes:    (1)  For values of M from 0 to 3.00. all digits to the left of the comma are valid 

for linear interpolation.   Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2) The notation .0 3429 signifies .000429.   The notation 5370 < signifies 5,370,000. 

Table 4.22    FRICTI0NAL,  ADIABATIC,  COHSTANT-AREA FLOW 
(Perfect Gas, k=1.0 exactly) 

"^S 
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V 

» 

•''A 

v/v* 
M T/T* p/p* po/po* P*/P F/F* 4fLmax/D 

1.75 1.000 .571,4 1.60,3 1.750 1.161 .4458 
1.S0 1.000 .555,6 1.70,3 1.800 1.178 .4842 
1.85 1.000 .540,6 1.81,5 1.850 1.195 .5225 
1.90 1.000 .526,3 1.94,1 1.900 1.213 .5607 
1.95 1.000 .512,8 2.08,2 1.950 1.231 .5986 

2.00 1.000 .500,0 2.24,1 2.000 1.250 .6363 
2.05 1.000 .487,8 2.41,9 2.050 1.269 .6736 
2.10 1.000 .476,2 2.62,0 2.100 1.288 .7106 
2.15 1.000 .405,1 2.84,6 2.150 1.308 .7472 
2.20 1.000 .454,5 3.10,0 2.200 1.327 .7835 

2.25 1.000 .444,4 3.38,8 2.250 1.347 .8194 
2.30 1.000 .4348 3.71,4 2.300 1.367 .8549 
2.35 1.000 .4256 4.0,83 • 2.350 1.388 .8900 
2.40 1.000 .4167 4.5,02 2.400 1.408 .9246 
2.45 1.000 .4082 4.9.79 2.450 1.429 .9588 

2.50 1.000 .4000 5.5,22 2.500 1.450 .9926 
2.55 1.000 .3922 6.1,42 2.550 1.471 1.0260 
2.60 1.000 .3847 6.8,52 2.600 1.492 1.0590 
2.65 1.000 .3774 7.6,65 2.650 1.514 1.0916 
2.70 1.000 .3704 8.6,00 2.700 1.535 1.1237 

2.75 1.000 .3636 9.6,76 2.750 1.557 1.155 
2.80 1.000 .3571 10.9,2 2.800 1.579 1.187 
2.85 1.000 .3509 12.3,5 2.850 1.600 1.218 
2.90 1.000 .3449 14.0,2 2.900 1.622 1.248 
2.95 1.000 .3390 15.9,5 2.950 1.644 1.279 

3.00 1.000 .3333 18.20 3.000 1.667 1.308 
3.50 1.000 .2857 79.22 3.500 1.893 1.587 
4.00 1.000 .2500 452.01 4.000 2.125 1.835 
4.50 1.000 .2222 3364 4.500 2.361 2.058 
5.00 1.000 .2000 32550 5.000 2.600 2.259 

6.00 1.000 .1667 6640 < 6.000 3.083 2.611 
7.00 1.000 .1429 3780, 7.000 3.571 2.912 
8.00 1.000 .1250 5990,0 8.000 4.062 3.174 
9.00 1.000 .1111 2620, t 9.000 4.556 3.407 

10.00 1.000 .1000 3140,» 10.000 5.050 3.615 

1.000 

Table 4.22 FRICTI0NAL, ADIABATIC, CONSTANT-AREA FLOW 
(Perfect Gas, k=1.0 exactly) (Concluded) 
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V/V* 
M T/T* P/P* Po/po* P*/p F/F* 4fLmax/D 

0 1.0500 CO CO 0 CO 03 

.05 1.0499 2,0.493 11.,999 .05123 9.,785 3,57.05 

.10 1.0495 1,0.244 6..023 .1024 4.,932 ,85.65 

.15 1.0488 6.,828 4..042 .1536 3.,332 3,5.92 

.20 1.0479 5..118 3.0,59 .2047 2.5,45 1,8.79 

.25 1.0467 4.0,92 2.4,76 .2558 2.0,83 11.,03 

.30 1.0453 3.4,08 2.0,94 .3067 1.7,84 6.,936 

.35 1.0436 2.9,19 1.8,25 .3575 1.5,77 4.,549 

.40 1.0417 2.5,52 1.6,28 .4082 1.42,9 3..062 

.45 1.0395 2.2,66 1.48,0 .4588 1.31,9 2.0,93 

.50 1.0370 2.03,7 1.36,5 .5092 1.23,7 1.4,39 

.00 1.0343 1.84,9 1.27,5 .5594 1.17,4 .9,871 

.60 1.0314 1.69,3 1.20,4 .6094 1.12,5 .6,705 

.65 1.0283 1.56,0 1.14,8 .6591 1.08,82 .4,468 

.70 1.0249 1.44,6 1.10,4 .7086 1.05,99 .2,887 

.75 1.0213 1-.34.7 1.06,89 .7579 1.03,86 .17,80 

.80 1.0174 1.26,1 1.04,25 .8069 1.02,31 .10,19 

.85 1.0133 1.18,4 1.02,31 .8557 1.012,2 .05,160 

.90 1.0091 1.11,6 1.01,00 .9041 1.005,1 .02,078 

.95 1.0047 1.05,51 1.00,24 .9522 1.001,2 .00,472 

1.00 1.000O 1.00,00 1.00,00 1.0000 1.000,0 0 
1.05 .9951 .950,1 1.00,23 1.0474 1.001,1 .00,398 
1.10 .9901 .904,6 1.009,2 1.0945 1.004,1 .01,468 
1.15 .9849 .863,0 1.020,4 1.1412 1.008,7 .03,058 
1.20 .9795 .824,7 1.036,0 1.1876 1.014,8 .050,50 

1.25 .9739 .789,5 1.055,9 1.234 1.022,1 .073,50 
1.30 .9682 .756,9 1.080,1 1.279 1.030,4 .098,85 
1.35 .9623 .726,6 1.10,9 1.324 1.039,7 .126,0 
1.40 .9563 .698,5 1.14,2 1.369 1.049,8 .154,4 
1.45 .9501 .672,2 1.18,0 1.413 1.060,5 .183,8 

1.50 .9438 .647,6 1.22,3 1.457 1.0717 .2138 
1.55 .9374 .624,6 1.27,2 1.501 1.0835 .2443 
1.60 .9309 .603,0 1.32,6 1.544 1.0958 .2749 
1.65 .9242 .582,6 1.38,7 1.586 1.108 .3056 
1.70 .9174 .563,4 1.45,4 1.628 1.121 .3362 

Notes:    (1)  For values of W from 0 to 3.00, all digits to the left of the comma are valid 

for linear interpolation.   Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2)  The notation .0 3429 signifies .000429.   The notation 5370 4 signifies 5,370,000. 

Table 4.23    FRICTI0NAL,  ADIABATIC,  CONSTANT-AREA PLOW 
(Perfect Gas, k = l.l exactly) 
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I    ) 

(    ) 

'   ^ 

V/V* 
M rp /'V* 

P/P* po/po* P*/P F/F* 4fLmax/D 

1.75 .9105 .545,3 1.52,8 1.670 1.134 .3667 
1.80 .9036 .528,1 1.61,0 1.711 1.148 .3969 
1.85 .8966 .511,8 1.70,1 1.752 1.161 .4268 
1.90 .8895 .496,4 1.80,1 1.792 1.175 .4563 
1.95 .8823 .481,7 1.91,1 1.832 1.189 .4854 

2.00 .8750 .467,7 2.03,2 1.871 1.203 .514,0 
2.05 .8677 .454,4 2.16,5 1.910 1.217 .542,2 
2.10 .8603 .441,7 2.31,2 1.948 1.231 .569,8 
2.15 .8529 .429,5 2.47,3 1.986 1.245 .597,0 
2.20 .8454 .417,9 2.65,1 2.023 1.259 .623,7 

2.25 .8379 .4068 2.84,6 2.060 1.273 .649,8 
2.30 .8304 .3962 3.06,1 2.096 1.286 .675,4 
2.35 .8228 .3860 3.29,9 2.132 1.300 .700,5 
2.40 .8152 .3762 3.56,0 2.167 1.314 .725,1 
2.45 .8076 .3668 3.84,8 2.202 1.328 .749,1 

2.50 .8000 .3578 4.16,5 2.236 1.342 .772,6 
2.55 .7924 .3491 4.51,5 2.270 1.355 .795,7 
2.60 .7848 .3407 4.90,2 2.303 1.369 .818,2 
2.65 .7771 .3327 5.32,8 2.336 1.382 .840,2 
2.70 .7695 .3249 5.7,99 2.368 1.395 .861,7 

2.75 .7619 .3174 6.3,20 2.400 1.409 .882,8 
2.80 .7543 .3102 6.8,95 2.432 1.422 .903,4 
2.85 .7467 .3032 7.5,32 2.463 1.434 .923,5 
2.90 .7392 .2965 8.2,37 2.493 1.447 .943,2 
2.95 .7316 .2900 9.0,16 2.523 1.460 .962,4 

3.00 .7241 .2837 9.880 2.553 1.472 .9812 
3.50 .6512 .2305 25.83 2.824 1.589 1.147 
4.00 .5833 .1909 71.74 3.055 1.691 1.280 
4.50 .5217 .1605 205.7 3.250 1.779 1.386 
5.00 .4667 1366 597.3 3.416 1.854 1.472 

6.00 .3750 .1021 4911 3.674 1.973 1.601 
7.00 .3043 .07881 37919 3.862 2.060 1.689 
8.00 .2500 .06250 2630, 4.000 2.125 1.752 
9.00 .2079 .05067 1610< 4.104 2.174 1.798 
10.00 .1750 .04183 8890 4 4.183 2.211 1.832 

Table 4.23 

Ü 

4.583 2.400 1.997 

FRICTI0NAL,   ADIABATIC,   CONSTANT-AREA FLOW 
(Perfect Gas, k=l.l exactly)  (Concluded) 

riiTTMTBTVM*'«'  —ill   • 
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Y 

V/V* 
M T/T* P/P* po/po* P*/P F/F* 4fL»u>x/D 

0 1.100,0 CO CO 0 CO CO 

.05 !.099,7 2,0.974 11.,857 .05243 ,9.562 3,27.09 

.10 1.098,9 1,0.483 5.,953 .1048 ,4.822 ,78.36 

.15 1.097,5 0..984 3.,996 .1571 3..260 3,2.81 

.20 1.095,6 5.,234 3.0,26 .2093 2.4,93 1,7.13 

.25 1.093,2 4.1,82 2.4,51 .2614 2.0,44 10..04 

.30 1.090,2 3.4,80 2.0,73 .3133 1.7,53 6.,298 

.35 1.086,7 ' 2.9,78 1.8,09 .3649 1.5,53 4..121 

.40 1.082,7 2.6,01 1.6,15 .4162 1.40,9 2.,768 

.45 1.078,2 2.3,07 1.46,9 .4672 1.30,4 1.8,87 

.50 1.073,2 2.07,2 1.35,6 .5179 1.22,4 1.2,94 

.55 1.067,7 1.87,9 1.26,8 .5683 1.16,4 .8,855 

.60 1.061,8 1.71,7 1.19,9 .618,3 1.11,8 .5,999 

.65 1.0554 1.58,1 1.14,4 .667,8 1.08,26 .3,987 

.70 1.0486 1.46,3 1.10,0 .716,8 1.05,61 .2,570 

.75 1.0414 1.36,1 1.06,66 .765,4 1.03,60 .15,79 

.80 1.0338 1.27,1 1.04,10 .813,4 1.02,14 .09,016 

.85 1.0259 1.19,2 1.02,22 .860,9 1.011,2 .04,554 

.90 1.0176 1.12,1 1.00,96 .907,8 1.004,7 .01,829 

.95 1.0089 1.05,73 1.00,23 .954,2 1.001,1 .00,414 

1.00 1.0000 1.00,00 1.00,00 1.000,0 1.000,0 0 
1.05 .9908 .94,80 1.002,2 1.045,1 1.001,0 .00,347 
1.10 .9813 .900,5 1.008,7 1.089,6 1.003,7 .01,277 
1.15 .9715 .857,1 1.019,4 1.134 1.007,9 .026,57 
1.20 .9615 .817,2 1.034,0 1.177 1.013,4 .043,68 

1.25 .9514 .780,3 1.052,5 1.219 1.019,7 .063,38 
1.30 .9410 .746,2 1.074,9 1.261 1.027,0 .085,00 
1.35 .9304 .714,5 1.101 1.302 1.035,1 .108,0 
1.40 .9197 .685,0 1.132 1.342 1.043,7 .132,0 
1.45 .9089 .657,5 1.166 1.382 1.0529 .1567 

1.50 .8980 .631,7 1.205 1.421 1.0625 .1817 
1.55 .8869 .607,6 1.24,8 1.459 1.0724 .2069 
1.60 .8758 .584,9 1.29,6 1.497 1.0826 .2323 
1.65 .8646 .563,5 1.34,9 1.534 1.0930 .2575 
1.70 .8534 .543,4 1.40,7 1.570 1.1036 .2825 

Notes:    (1)  Kor values of M from 0 to 3.00, all digits to the left of the comma are valid 

for linear interpolation.   Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2) The notation .0,429 signifies .000429.   The notation 5370, signifies 5,370,000. 

Table 4.24    FRICTIOKAL,  ADIABATIC,  CONSTANT-AREA FLOW 
(Perfect Gas, k = 1.2 exactly) 

O 
t = 
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M T/T* p/p*        po/po 
V/V* 
P*/P F/F*      4fLm«/D 

1.75 .8421 .524,4 1.47,1 1.606 1.114 .3072 
1.80 .8308 .506,4 1.54,0 1.641 1.125 .3316 
1.85 .8195 .489,4 1.61,5 1.675 1.136 .355,6 
1.90 .8082 .473,2 1.69,7 1.708 1.147 .379,1 
1.95 .7970 .457,8 1.78,7 1.741 1.158 .402,1 

2.00 .7857 .443,2 1.88,4 1.773 1.168 .424,7 
2.05 .7745 .429,3 1.98,9 1.804 1.179 .446,8 
2.10 .7634 .416,0 2.10,3 1.835 1.190 .468,4 
2.15 .7523 .403,4 2.22,6 1.865 1.201 .489,4 
2.20 .7413 .391,3 2.35,9 1.894 1.211 .509,9 

2.25 .7303 .379,8 2.50,4 1.923 1.221 .529,9 
2.30 .7194 .3688 2.66,0 1.951 1.232 .549,3 
2.35 .7086 .3582 2.82,9 1.978 1.242 .568,3 
2.40 .6980 .3481 3.01,1 2.005 1.252 .586,8 
2.45 .6874 .3384 3.20,8 2.031 1.262 .604,7 

2.50 .6769 .3291 3.42,0 2.057 1.272 .622,2 
2.55 .6665 .3202 3.65,0 2.082 1.281 .639,2 
2.60 .6563 .3116 3.89,8 2.106 1.291 .655,7 
2.65 .6462 .3033 4.16,6 2.130 1.300 .671,8 
2.70 .6362 .2954 4.45,5 2.154 1.309 .687,4 

2.75 .6263 .287P 4.76,7 2.176 1.318 .7026 
2.80 .6166 .2804 5.10,3 2.199 1.327 .7173 
2.85 .6070 .2733 5.46,6 2.220 1.335 .7316 
2.90 .5975 .2665 5.85,8 2.242 1.344 .7456 
2.95 .5882 .2600 6.28,0 2.263 . 1.352 .7592 

3.00 .5789 .2536 6.735 2.283 1.360 .7724 
3.50 .4944 .2009 13.76 2.461 1.434 .8857 
4.00 .4231 .1626 28.35 2.602 1.493 .9718 
4.50 .3636 .1340 57.96 2.714 1.541 1.0380 
5.00 .3143 .1121 116.31 2.803 1.580 1.0896 

6.00 .2391 .08150 434.7 2.934 1.637 1.163 
7.00 .1864 .06168 1458 3.023 1.677 1.212 
8.00 .1486 .04819 4353 3.084 1.704 1.245 
9.00 .1209 .03863 13156 3.129 1.724 1.268 
10.00 .1000 .03162 29601 3.162 1.739 1.286 

3.317 1.809 1.365 

Table 4.24    FRICTIONAL, ADIABATIC,  CONSTANT-AREA FLOW 
(Perfect Gas, k=1.2 exactly)   (Concluded) 

•M<&W>Ti,ttfc i- •^/•Vr— 
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v/v* 
M 'Typ* P/P* P°/P°* p*/p F/F* 4fLm0x/D 

0 1.150 CD CO 0 CO CO 

.05 1.149 2,1.444 U.,721 .05361 9:,354 3,01.74 

.10 1.148 1,0.716 5.,885 .1072 4..720 ,72.20 

.15 1.146 7..137 3.,952 .1606 3..194 3,0.18 

.20 1.143 Ö..346 2.9,94 .2138 2.4,45 1,5.73 

.25- 1.139 4.2,70 2.4,26 .2668 2.0,07 9..201 

.30 1.134 3.5,51 2.0.54 .3195 1.7,24 5.,759 

.35 1.129 3.0,36 1.7,93 .3719 1.5,30 3..760 

.40 1.123 2.6,49 1.6,02 .423,9 1.39,1 2..520 

.45 1.116 2.3,48 1.45,9 .475,4 1.28,9 1.7,14 

.50 1.1084 2.10,6 1.34,8 .526,4 1.21,3 1.1,72 

.55 1.1001 1.90,7 1.26,1 .576,9 1.1£,5 .8,004 

.60 1.0911 1.74,1 1.19,3 .626,7 1.11,1 .5,409 

.65 1.0815 1.60,0 1.14,0 .675,9 1.07,77 .3,586 

.70 1.0713 1.47,9 1.09,72 .724,5 1.05,24 .23,05 

.75 1.0605 1.37,3 1.06,44 .772,4 1.03,36 .14,13 

.80 1.0493 1.28,0 1.03,95 .819,5 1.019,9 .08,044 

.85 1.0376 1.19,8 1.02,14 .865,8 1.010,4 .04,053 

.90 1.0254 1.12,5 1.00,92 .911,3 1.004,3 .01,623 

.95 1.0129 1.05,94 1.00,22 .956,1 1.001,0 .00,367 

1.00 1.0000 1.00,00 1.000,0 1.000,0 1.000,0 0 
1.05 .9868 .94,61 1.002,1 1.043,0 1.000,9 .00,305 
1.10 .9733 .896,9 1.008,3 1.085,2 1.003,3 .011,22 
1.15 .9596 .851,8 1.018,3 1.126,6 1.007,1 .023,24 
1.20 .9457 .810,4 1.032,1 1.167,0 1.012,0 .038,20 

1.25 .9316 .772,2 1.049,5 1.206 1.017,7 .055,24 
1.30 .9174 .736,8 1.070,4 1.245 1.024,1 .073,88 
1.35 .9031 .703,9 1.094,8 1.283 1.031,2 .093,65 
1.40 .8887 .673,4 1.122,7 1.320 1.0388 .114,17 
1.45 .8743 .644,8 1.154,3 1.356 1.0467 .1351,3 

1.50 .8598 .618,2 1.189 1.391 1.0549 .1564 
1.55 .8454 .593,2 1.228 1.425 1.0634 .1777 
1.60 .8303 .569,7 1.271 1.458 1.0721 .1989 
1.65 .8165 .547,7 1.318 1.491 1.0808 .2200 
1.70 .8022 .526,9 1.369 1.523 1.0897 .2408 

') 

I    .  V 

Notes:    (1) For values of M from 0 to 3.00, all digits to the left of the comma are valid 

for linear interpolation.   Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2)  The notation .0 s429 signifies .000429.   The notation 5370 4 signifies 5,370,000. 

-Table 4.2?    FRICTIONAL, ADIABATIC, CONSTANT-AREA PLOW 
(Perfect Gas, k=1.3 exactly) 

1 

-*- 
~J 
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r 

V/V* 
M 

rrwrp* 
P/P* Po/Po* P*/P F/F* 4fLmax/D 

1.75 .7880 .507,3 1.424 1.554 1.0986 .2613 
1.80 .7739 .488,7 1.484 1.584 1.108 .2814 
1.85 .7599. .471,2 1.549 1.613 1.116 .3010 
1.90 .7460 .454,6 1.61,8 1.641 1.125 .3202 
1.95 .7323 .438,8 1.69,3 1.669 1.134 .339,0 

2.00 .7188 .423,9 1.77,3 1.696 1.143 .357,3 
2.05 .7054 .409,7 1.85,9 1.722 1.151 .375,1 
2.10 .6922 .396,2 1.95,1 1.747 1.160 .392,4 
2.15 .6791 .383,3 2.05,0 1.772 1.168 .409,2 
2.20 .6662 .371,0 2.15,6 1.796 1.176 .425,5 

2.25 .6536 .359,3 2.26,8 1.819 1.184 .441,3 
2.30 .6412 .3482 2.38,8 1.842 1.192 .4566 
2.35 .6290 .3375 2.51,7 1.864 1.200 .4715 
2.40 .6170 .3273 2.65,4 1.885 1.208 .4860 
2.45 .6051 .3175 2.80,0 1.906 1.215 .5000 

2.50 .5935 .3082 2.95,4 1.926 1.223 .5136 
2.55 .5822 .2992 3.11,9 1.946 1.230 .5267 
2.60 .5711 .2906 3.29,5 1.965 1.237 .5394 
2.65 .5601 .2824 3.48,2 1.983 1.244 .5517 
2.70 .5493 .2745 3.68,1 2.001 1.250 .5636 

2.75 .5388 .2669 3.89,2 2.019 1.257 .5752 
2.80 .5285 .2596 4.11,6 2.036 1.263 .5864 
2.85 .5184 .2526 4.35,4 2.052 1.270 .5972 
2.90 .5085 .2459 4.60,7 2.068 1.276 .6077 
2.95 .4988 .2394 4.87,5 2.084 1-.282 .6179 

3.00 .4894 .2332 5.160 2.099 1.288 .6277 
3.50 .4053 .1819 9.110 2.228 1.338 .7110 
4.00 .3382 .1454 15.94 2.326 1.378 .7726 
4.50 .2848 .1186 27.39 2.402 1.409 .8189 
5.00 .2421 .09841 45.95 2.460 1.433 .8543 

6.00 .1797 .07065 120.1 2.543 1.468 .9037 
7.00 .1377 .05302 285.3 2.598 1.491 .9355 
8.00 .1085 .04117 625.2 2.635 1.507 .9570 
9.00 .08745 .03286 1275 2.662 1.519 .9722 
10.00 .07188 .02769 2438 2.681 1.527 .9832 

2.769 1.565 1.0326 

C 

Table 4.2? FRICTI0NAL,  ADIABATIC,  CONSTANT-AREA FLOW 
(Perfect Gas, k=1.3 exactly)   (Concluded) 
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M T/T* P/P* Po/Po* 

v/v* 
p*/p F/F* 4fLmas/D 

0 
.01 
.02 
.03 
.04 

1.2000 
1.2000 
1.1999 
1.1998 
1.1996 

CO 

10,9.544 
5,4.770 
3,6.511 
27.,382 

5,7.874 
2,8.942 
1,9.300 
14..482 

0 
.01095 
.02191 
.03286 
.04381 

4,5.650 
22.,834 
15..232 
ll.,435 

7,134.40 
1,778.45 
7,87.08 
4,40.35 

.05 

.06 

.07 

.08 

.09 

1.1994 
1.1991 
1.1988 
1.1985 
1.1981 

21.,903 
18..251 
15.6,42 
13.6,84 
12.1,62 

11.,5914 
9.,6659 
8.2,915 
7.2,616 
6.4,614 

.05476 

.06570 

.07664 

.08758 

.09851 

9..1584 
7.6,428 
6.5,620 
5.7,529 
5.1,249 

2,80.02 
19,3.03 
14,0.66 
10,6.72 
8,3.496 

.10 

.11 

.12 

.13 

.14 

1.1976 
1.1971 
1.1966 
1.1960 
1.1953 

10.9,435 
9.9,465 
9.1,156 
8.4,123 
7.8,093 

5.8,218 
5.2,992 
4.8,643 
4.4,968 
4.1,824 

.10943 

.12035 

.13126 

.14216 

.15306 

4.6,236 
4.2,146 
3.8,747 
3.58,80 
3.34,32 

66.,922 
54.,688 
45..408 
38..207 
32.,511 

.15 

.16 

.17 

.18 

.19 

1.1946 
1.1939 
1.1931 
1.1923 
1.1914 

7.2,866 
6.82,91 
6.42,52 
6.06,62 
5.74,48 

3.91,03 
3.67,27 
3.46,35 
3.27,79 
3.11,23 

.16395 

.17482 

.18568 

.19654 

.20739 

3.13,17 
2.94,74 
2.78,55 
2.64,22 
2.51,46 

27.,932 
24..198 
21.,115 
18.5,43 
16.3,75 

.20 

.21 

.22 

.23 

.24 

1.1905 
1.1895 
1.1885 
1.1874 
1.1863 

5.45,55 
5.19,36 
4.95,54 
4.73,78 
4.53,83 

2.96,35 
2.82,93 
2.70,76 
2.59,68 
2.49,56 

.21822 

.22904 

.23984 

.25063 

.26141 

2.40,04 
2.29,76 
2.20,46 
2.12,03 
2.04,34 

14.5,33 
12.9,56 
11.5,96 
10.4,16 
9.3,865 

.25 

.26 

.27 

.28 

.29 

1.1852 
1.1840 
1.1828 
1.1815 
1.1802 

4.35,46 
4.18,50 
4.02,80 
3.88,20 
3.74,60 

2.40,27 
2.31,73 
2.23,85 
2.16,56 
2.09,79 

.27217 

.28291 

.29364 

.30435 

.31504 

1.97,32 
1.90,88 
1.84,96 
1.795,0 
1.744,6 

8.4,834 
7.6,876 
6.9,832 
6.3,572 
5.7,989 

.30 

.31 

.32 

.33 

.34 

1.1788 
1,1774 
1.1759 
1.1744 
1.1729 

3.61,90 
3.50,02 
3.38,88 
3.28,40 
3.18,53 

2.035,1 
1.976,5 
1.921,9 
1.870,8 
1.822,9 

.32572 

.33637 

.34700 

.35762 

.36822 

1.697,9 
1.654,6 
1.614,4 
1.576,9 
1.542,0 

5.2,992 
4.8,507 
4.44,68 
4.08,21 
3.75,20 

.35 

.36 

.37 

.38 

.39 

1.1713 
1.1697 
1.1680 
1.1663 
1.1646 

3.09,22 
3.004,2 
2.920,9 
2.842,0 
2.767,1 

1.778,0 
1.735,8 
1.696,1 
1.658,7 
1.623,4 

.37880 

.38935 

.39988 

.41039 

.42087 

1.509,4 
1.478,9 
1.450,3 
1.423,6 
1.398,5 

3.45,25 
3.18,01 
2.93,20 
2.70,55 
2.49,83 

.40 

.41 

.42 

.43 

.44 

• 1.1628 
1.1610 
1.1591 
1.1572 
1.1553 

2.695,8 
2.628,0 
2.563,4 
2.501,7 
2.442,8 

1.590,1 
1.558,7 
1.528,9 
1.500,7 
.1.473,9 

.43133 

.44177 

.45218 

.46257 

.47293 

1.374,9 
1.352,7 
1.331,8 
1.312,2 
1.293,7 

2.30,85 
2.13,44 
1.97,44 
1.82,72 
1.69,15 

3 

1 

Notes:    (1)  For values of M from 0 to 3.00, all digits to the left of the comma are valid 

for linear interpolation.   Where no comma is indicated in this region, all digits are 
valid for linear interpolation, 

(2)  The notation .0,429 signifies .000429.  The notation 53701 signifies 5,370,000. 

Table 4.26 FRICTI0NAL,  ADIABATIC, CONSTANT-AREA FLOW 
(Perfect Gas, k=1.4 exactly) 

1) 

y.yrrn.jB—r rnttfiiftHiiftmmg. ^f^,** 
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v/v* 
M T/T* p/p* Po/po* p*/p F/F* 4fLmM/D 

.45 1.1533 2.386,5 1.448,6 .48326 1.276,3 1.56,64 

.46 1.1513 2.332,6 1.424,6 .49357 1.259,8 1.45,09 i 

.47 1.1492 2.280.9 1.401,8 .50385 1.244,3 1.34,42 

.48 1.1471 2.231,4 1.380,1 .51410 1.229,6 1.24,53 

.49 1.1450 2.183,8 1.359,5 .52433 1.215,8 1.15,39 

'' .50 1.1429 2.138,1 1.339,9 .53453 1.202,7 1.06,908 
.51 1.1407 2.094,2 1.321,2 .54469 1.190,3 .99,042 
.52 1.1384 2.051,9 1.303,4 .55482 1.178,6 .91,741 

i - .53 1.1362 2.011,2 1.286,4 .56493 1.167,5 .84,963 
'/ .54 1.1339 1.971,9 1.270,2 .57501 1.157,1 .786,62 

.55 1.1315 1.934,1 1.254,9 .58506 1.147,2 .728,05 

.56 1.1292 1.897,6 1.240,3 .59507 1.137,8 .673,57 

.57 1.1268 1.862,3 1.226,3 .00505 1.128,9 .622,86 

.58 1.1244 1.828,2 1.213,0 .61500 1.120,5 .575,68 

.59 1.1219 1.795,2 1.200,3 .62492 1.112,6 .531,74 

.60 1.1194 1.763,4 1.188,2 .63481 1.1050,4 .490,81 

^   . 
.61 1.1169 1.732,5 1.176,6 .64467 1.0979,3 .452,70 
.62 1.1144 1.702,6 1.165,6 .65449 1.0912,0 .417,20 

V*» .63 1.1118 1.673,7 1.155,1 .66427 1.0848,5 .384,11 
.64 1.1091 1.645,6 1.145,1 .67402 1.0788,3 .353,30 

.65 1.10650 1.618,3 1.135,6 .68374 1.0731,4 .324,60 

.66 1.10383 1.591,9 1.126,5 .69342 1.0677,7 .297,85 

.E7 1.10114 1.566,2 1.117,9 .70306 1.0627,1 .272,95 

.68 1.09842 1.541,3 1.109,7 .71267 1.0579,2 .249,78 

.69 1.09567 1.517,0 1.101,8 .72225 1.0534,0 .228,21 

.70 1.09290 1.493,4 1.0943,6 .73179 1.0491,5 .208,14 

.71 1.09010 1.470,5 1.0872,9 .74129 1.0451,4 .189,49 

.72 1.08727 1.448,2 1.0805,7 .75076 1.0413,7 .172,15 

.73 1.08442 1.426,5 1.0741,9 .76019 1.0378,3 .156,06 

.74 1.08155 1.405,4 1.0681,5 .76958 1.0345,0 .141,13 

.75 1.07865 1.384,8 1.0624,2 .77893 1.0313,7 .127,28 

.76 1.07573 1.364,7 1.0570,0 .78825 1.0284,4 .114,46 

.77 1.07279 1.345,1 1.0518,8 .79753 1.0257,0 .102,62 

.78 1.06982 1.326,0 1.0470,5 .80677 1.0231,4 .091,67 

.79 1.06684 1.3074 1.0425,0 .81598 1.0207,5 .081,59 

.80 1.06383 1.2892 1.0382,3 .82514 1.0185,3 .072,29 

.81 1.06080 1.2715 1.0342,2 .83426 1.0164,6 .063,75 

.82 1.05775 1.2542 1.0304,7 .84334 1.0145,5 .055,93 

.83 1.05468 1.2373 1.0269,6 .85239 1.0127,8 .048,78 ;X s   ^ .84 1.05160 1.2208 1.0237,0 .86140 1.0111,5 .042,26 

.85 1.04849 1.2047 1.0206,7 .87037 1.0096,6 .036,32 

.86 1.04537 1.1889 1.0178,7 .87929 1.0082,9 .030,97 

.87 1.04223 1.1735 1.0152,9 .38818 1.0070,4 .026,13 

.88 1.03907 1.1584 1.0129,4 .89703 1.0059,1 .021,80 

.89 1.03589 1.1436 1.0108,0 .90583 1.0049,0 .017,93 

V table 4.26 FRICTIONAL, ADIABATIC, 30NSTANT-AREA FLOW 

c 

(Perfect Gas, k = 1.4 exactly) (Continued) 

(Thie page contains a correction of an error which appeared u- 

in the dat a of the corresponding table of the Meteor Report 
Mo. 14, dated Dec . 1, 1947.) *': 
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M T/T* P/P* po/p» 
V/V* 

F/F*      4fL..mVD 

.90 1.03270 1.1291,3 1.0088,7 .91459 1.0039,9 .0145,13 

.91 1.02950 1.1150,0 1.0071,4 .92332 1.0031,8 .0115,19 

.92 1.02627 1.1011,4 1.0056,0 .93201 1.0024,8 .0089,16 

.93 1.02304 1.0875,8 1.0042,6 .94065 1.0018,8 .0066,94 

.94 1.01978 1.0743,0 1.0031,1 .94925 1.0013,6 .0048,15 

.95 1.01652 1.0612,9 1.0021,5 .95782 1.0009,3 .0032,80 

.96 1.01324 1.0485,4 1.0013,7 .96634 1.0005,9 .0020,56 

.97 1.00995- 1.0360,5 1.0007,6 .97481 1.0003,3 .0011,35 

.98 1.00664 1.0237,9 1.0003,3 .98324 1.0001,4 .0004,93 

.99 1.00333 1.0117,8 1.0000,8 .99164 1.0000,3 .0001,20 

1.00 1.00000 1.0000,0 1.0000,0 1.00000 1.0000,0 0 
1.01 .99666 .9884,4 1.0000,8 1.00831 1.0000,3 .0001,14 
1.02 .99331 .9771,1 1.0003,3 1.01658 1.0001,3 .0004,58 
1.03 .98995 .9659,8 1.0007,3 1.02481 1.0003,0 .0010,13 
1.04 .98658 .9550,6 1.0013,0 1.03300 1.0005,3 .0017,71 

1.05 .98320 .9443,5 1.0020,3 1.04115 1.0008,2 .0027,12 
1.06 .97982 .9338,3 1.0029,1 1.04925 1.0011,6 .0038,37 
1.07 .97642 .9235,0 1.0039,4 1.05731 1.0015,5 .0051,29 
1.08 .97302 .9133,5 1.0051.2 1.06533 1.0020,0 .0065,82 
1.09 .96960 .9033,8 1.0064,5 1.07331 1.0025,0 .0081,85 

1.10 .96618 .8935,9 1.0079,3 1.08124 1.00305 .0099,33 
1.11 .96276 .8839,7 1.0095,5 1.08913 1.00365 .0118,13 
1.12 .95933 .8745,1 1.0113,1 1.09698 1.00429 .0138,24 
1.13 .95589 .8652,2 1.0132,2 1.10479 1.00497 .0159,49 
1.14 .95244 .8560,8 1.0152,7 1.11256 1.00569 .0181,87 

1.15 .94899 .8471,0 1.0174,6 1.1203 1.00646 .0205,3 
1.16 .94554 .8382,7 1.0197,8 1.1280 1.00726 .0229,8 
1.17 .94208 .8295,8 1.0222,4 1.1356 1.00810 .0255,2 
1.18 .93862 .8210,4 1.0248,4 1.1432 1.00897 .0281,4 
1.19 .93515 .8126,3 1.0275,7 1.1508 1.00988 .0308,5 

1.20 .93168 .8043,6 1.0304,4 1.1583 1.01082 .0336,4 
1.21 .92820 .7962,3 1.0334,4 1.1658 1.01178 .0365,0 
1.22 .92473 .7882,2 1.0365,7 1.1732 1.01278 .0394,2 
1.23 .92125 .7803,4 1.0398,3 1.1806 1.01381 .0424,1 
1.24 .91777 .7725,8 1.0432,3 1.1879 1.01486 .0454,7 

1.25 .91429 .7649,5 1.0467,6 1.1952 1.01594 .04858 
1.26 .91080 .7574,3 1.0504,1 1.2025 1.01705 .05174 
1.27 .90732 .7500,3 1.0541,9 1.2097 1.01818 .05494 
1.28 .90383 .7427,4 1.0580,9 1.2169 1.01933 .05820 
1.29 .90035 .7355,6 1.0621,3 1.2240 1.02050 .06150 

1.30 .89686 .7284,8 1.0663,0 1.2311 1.02169 .06483 
1.31 .89338 .7215,2 1.0706,0 . 1.2382 1.02291 .06820 
1.32 .88989 .7146,5 1.0750,2 1.2452 1.02415 .07161 
1.33 .88641 .7078,9 1.0795,7 1.2522 1.02540 .07504 
1.34 .88292 .7012,3 1.0842,4 1.2591 1.02666 .07850 

Table 4.26   FRICTI0NAL, ADIABATIC, CONSTANT-AREA FLOW 
(Perfect Gas, k=1.4 exactly)  (Continued) 
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(    ^ 

^ 

V/V* 
M T/T* P/P* po/po* P*/P F/F* 4fLmai/D 

1.35 .87944 .6946,6 1.0890,4 1.2660 1.02794 .08199 
1.36 .87596 .6881,8 1.0939,7 1.2729 1.02924 .08550 
1.37 .87249 .6818,0 1.0990,2 1.2797 1.03056 .08904 
1.38 .86901 .6755,1 1.1041,9 1.2864 1.03189 .09259 
1.39 .86554 .6693,1 1.1094,8 1.2932 1.03323 .09616 

1.40 .86207 .6632,0 1.1149 1.2999 1.03458 .09974 
1.41 .85860 .6571,7 1.1205 1.3065 1.03595 .10333 
1.42 .85514 .6512,2 1.1262 1.3131 1.03733 .10094 
1.43 .85168 .6453,6 1.1320 1.3197 1.03872 .11056 
1.44 .84822 .6395,8 1.1379 1.3262 1.04012 .11419 

1.45 .84477 .6338,7 1.1440 1.3327 1.04153 .11782 
1.46 .84133 .6282,4 1.1502 1.3392 1.04295 .12146 
1.47 .83788 .6226,9 1.1565 1.3456 1.04438 .12510 
1.48 .83445 .6172,2 1.1629 1.3520 1.04581 .12875 
1.49 .83101 .6118,1 1.1695 1.3583 1.04725 .13240 

1.50 .82759 .6064,8 1.1762 1.3646 1.04870 .13605 
1.51 .82416 .6012,2 1.1830 1.3708 1.05016 .13970 
1.52 .82075 .5960,2 1.1899 1.3770 1.05162 .14335 
1.53 .81734 .5908,9 1.1970 1.383*'- ! 05SO9 .14699 
1.54 .81394 .5858,3 1.2043 1.3894 1.05456 .15063 

1.55 .81054 .5808,4 1.2116 1.3955 1.05604 .15427 
1.56 .80715 .5759,1 1.2190 1.4015 1.05752 .15790 
1.57 .80376 .5710,4 1.2266 1.4075 1.05900 .16152 
1.58 .80038 .5662,3 1.2343 1.4135 1.06049 .16514 
1.59 .79701 .5614,8 1.2422 1.4195 1.06198 .16876 

1.60 .79365 .5567,9 1.2502 1.4254 1.06348 .17236 
1.61 .79030 .5521,6 1.2583 1.4313 1.06498 .17595 
1.62 .78695 .5475,9 1.2666 1.4371 1.06648 .17953 
1.63 .78361 .5430,8 1.2750 1.4429 1.06798 .18311 
1.64 .78028 .5386,2 1.2835 1.4487 1.06948 .18667 

1.65 .77695 .5342,1 1.2922 1.4544 1.07098 .19022 
1.66 .77363 .5298,6 1.3010 1.4601 1.07249 .19376 
1.67 .77033 .5255,6 1.3099 1.4657 1.07399 .19729 
1.68 .76703 .5213,1 1.3190 1.4713 1.07550 .20081 
1.69 .76374 .5171,1 1.3282 1.4769 1.07701 .20431 

1.70 .76046 .5129,7 1.3376 1.4825 1.07851 .20780 
1.71 .75718 .5088,7 1.3471 1.4880 1.08002 .21128 
1.72 .75392 .5048,2 1.3567 1.4935 1.08152 .21474 
1.73 .75067 .5008,2 1.3665 1.4989 1.08302 .21819 
1.74 .74742 .4968,6 1.3764 1.5043 1.08453 .22162 

1.75 .74419 .4929,5 U865 1.5097 1.08603 .22504 
1.76 .74096 .4890,9 1.3967 1.5150 1.08753 .22844 
1.77 .73774 .4852,7 1.4070 1.5203 1.08903 .23183 
1.78 .73453 .4814,9 1.4175 1.5256 1.09053 .23520 
1.79 .73134 .4777,6 1.4282 1.5308 U09202 .23855 

Table 4.26    FRICTI0NAL,  ADIABATIC,  CONSTANT-AREA FLOW 
(Perfect Gas, k = 1.4 exactly)   (Continued) 

e 
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~~* 

r- 

v/v* 
M rp /rp* 

P/P* po/po* p*/p F/F* 4fLmax/D 

1.80 .72816 .47407 1.4390 1.5360 1.09352 .24189 
1.81 .72498 .47042 1.4499 1.5412 1.09500 .24521 
1.82 .72181 .46681 1.4610 1.5463 1.09649 .24851 
1.83 .71865 .46324 1.4723 1.5514 1.09798 .25180 
1.84 .71551 .45972 1.4837 1.5564 1.09946 .25507 

1.85 .71238 .45623 1.4952 1.5614 1.1009 .25832 
1.86 .70925 .45278 1.5069 1.5664 1.1024 .26156 
1.87 .70614 .44937 1.5188 1.5714 1.1039 .26478 
1.88 .70304 .44600 1.5308 1.5763 1.1054 .26798 
1.89 .69995 .44266 1.5429 1.5812 1.1068 .27116 

1.90 .69686 .43936 1.5552 1.5861 1.1083 .27433 
1.91 .69379 .43610 1.5677 1.5909 1.1097 .27748 
1.92 .69074 .43287 1.5804 1.5957 1-.1112 .28061 
1.93 .68769 .42967 1.5932 1.6005 1.1126 .28372 
1.94 .68465 .42651 1.6062 1.6052 1.1141 .28681 

1.95 .68162 .42339 1.6193 1.6099 1.1155 .28989 
1.96 .67861 .42030 1.6326 1.6146 1.1170 .29295 
1.97 .67561 .41724 1.6461 1.6193 1.1184 .29599 
1.98 .67262 .41421 1.6597 1.6239 1.1198 .29901 
1.99 .66964 .41121 1.6735 1.6284 1.1213 .30201 

2.00 .66667 .40825 1.6875 1.6330 1.1227 .30499 
2.01 .66371 .40532 1.7017 1.6375 1.1241 .30796 
2.02 .66076 .40241 1.7160 1.6420 1.1255 .31091 
2.03 .65783 .39954 1.7305 1.6465 1.1269 .31384 
2.04- .65491 .39670 1.7452 1.6509 1.1283 .31675 

2.05 .65200 .39389 1.7600 1.6553 1.1297 .31965 
2.06 .64910 .39110 1.7750 1.6597 1.1311 .32253 
2.07 .64621 .38834 1.7902 1.6640 1.1325 .32538 
2.08 .64333 .38562 1.8056 1.6683 1.1339 .32822 
2.09 .64047 .38292 1.8212 1.6726 1.1352 .33104 

2.10 .63762 .38024 1.8369 1.6769 1.1366 .33385 
2.11 .63478 .37760 1.8528 1.6811 1.1330 .33664 
2.12 .63195 .37498 1.8690 1.6853 1.1393 .33940 
2.13 .62914 .37239 1.8853 1.6895 1.1407 .34215 
2.14 .62633 .36982 1.9018 1.6936 1.1420 .34488 

2.15 .62354 .36728 1.9185 1.6977 1.1434 .34760 
2.16 .62076 .36476 1.9354 1.7018 1.1447 .35030 
2.17 .61799 .36227 1.9525 1.7059 1.1460 .35298 
2.18 .61523 .35980 1.9698 1.7099 1.1474 .35564 
2.19 .61249 .35736 1.9873 1.7139 1.1487 .35828 

2.20 .60976 .35494 2.0050 1.7179 1.1500 .36091 
2.21 .60704 .35254 2.0228 1.7219 1.1513 .36352 
2.22 .60433 .35017 2.0409 1.7258 1.1526 .36611 
2.23 .60163 .34782 2.0592 1.7297 1.1539 .36868 
2.24 .59895 .34550 2.0777 1.7336 1.1552 .37124 

3 

Table 4.26 FRICTIONAL,  ADIABATIC,   CONSTANT-AREA FLOW 
(Perfect Gas, k = 1.4 exactly)   (Continued) 
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<L 

r- 
>srv 

M T/T p/p* po/po* 
V/V* 
P*/P F/F*      4fIWD 

2.25 .59627 .34319 2.0964 1.7374 1.1565 .37378 
2.26 .59361 .34091 2.1154 1.7412 1.1578 .37630 
2.27 .59096 .33865 2.1345 1.7450 1.1590 .37881 
2.28 .58833 .33641 2.1538 1.7488 1.1603 .38130 
2.29 .58570 .33420 2.1733 1.7526 1.1616 .38377 

2.30 .58309 .33200 2.1931 1.7563 1.1629 .38623 
2.31 .58049 .32983 2.2131 1.7600 1.1641 .38867 
2.32 .57790 .32767 2.2333 1.7637 1.1653 .39109 
2.33 .57532 .32554 2.2537 1.7673 1.1666 .39350 
2.34 .57276 .32342 2.2744 1.7709 1.1678 .39589 

2.35 .57021 .32133 2.2953 1.7745 1.1690 .39826 
2.36 .56767 .31925 2.3164 1.7781 1.1703 .40062 
2.37 .56514 .31720 2.3377 1.7817 1.1715 .40296 
2.38 .56262 .31516 2.3593 1.7852 1.1727 .40528 
2.39 .56011 .31314 2.3811 1.7887 1.1739 .40760 

2.40 .55762 .31114 2.4031 1.7922 1.1751 .40989 
2.41 .55514 .30916 2.4254 1.7956 1.1763 .41216 
2.42 .55267 .30720 2.4479 1.7991 1.1775 .41442 
2.43 .55021 .30525 2.4706 1.8025 1.1786 .41667 
2.44 .54776 .30332 2.4936 1.8059 1.1798 .41891 

2.45 .54533 .30141 2.5168 1.8092 1.1810 .42113 
2.46 .54291 .29952 2.5403 1.8126 1.1821 .42333 
2.47 .54050 .29765 2.5640 1.8159 1.1833 .42551 
2.48 .53810 .29579 2.5880 1.8192 1.1844 .42768 
2.49 .53571 .29395 2.6122 1.8225 1.1856 .42983 

2.50 .53333 .29212 2.6367 1.8257 1.1867 .43197 
2.51 .53097 .29031 2.6615 1.8290 1.1879 .43410 
2.52 .52862 .28852 2.6865 1.8322 1.1890 .43621 
2.53 .52627 .28674 2.7117 1.8354 1.1901 .43831 
2.54 .52394 .28498 2.7372 1.8386 1.1912 .44040 

2.55 .52163 .28323 2.7630 1.8417 1.1923 .44247 
2.56 .51932 .28150 2.7891 1.8448 1.1934 .44452 
2.57 .51702 .27978 2.8154 1.8479 1.1945 .44655 
2.58 .51474 .27808 2.8420 1.8510 1.1956 .44857 
2.59 .51247 .27640 2.8689 1.8541 1.1Ö67 .45059 

2.60 .51020 .27473 2.8960 1.8571 1.1978 .45259 
2.61 .50795 .27307 2.9234 1.8602 1.1989 .45457 
2.62 .50571 .27143 2.9511 1.8632 1.2000 .45654 
2.63 .50349 .26980 2.9791 1.8662 1.2011 .45850 
2.64 .50127 .26818 3.0074 1.8691 1.2021 .46044 

2.65 .49906 .26658 3.0359 1.8721 1.2031 .46237 
2.66 .49687 .26499 3.0647 1.8750 1.2042 .46429 
2.67 .49469 .26342 3.0938 1.8779 1.2052 .46619 
2.68 .49251 .26186 3.1234 1.8808 1.2062 .46807 
2.69 .49035 .26032 3.1530 1.8837 1.2073 .46996 

Table 4.26    FRICTIONAL,  ADIABATIC,  CONSTANT-AREA FLOW 
(Perfect Gas, k= 1.4 exactly)   (Continued; 
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V/V* 
M T/T* P/p* po/po* P*/P F/F* 4fLn.ax/D 

2.70 .48820 .25878 3.1830 1.8865 1.2083 .47182 
2.71 .48606 .25726 3.2133 1.8894 1.2093 .47367 
2.72 .48393 .25575 3.2440 1.8922 1.2103 .47551 
2.73 .48182 .25426 3.2749 1.8950 1.2113 .47734 
2.74 .47971 .25278 3.3061 1.8978 1.2123 .47915 

2.75 .47761 .25131 3.3376 1.9005 1.2133 .48095 
2.76 .47553 .24985 3.3695 1.9032 1.2143 .48274 
2.77 .47346 .24840 3.4017 1.9060 1.2153 .48452 
2.78 .47139 .24697 3.4342 1.9087 1.2163 .48628 
2.79 .46933 .24555 3.4670 1.9114 1.2173 .48803 

2.80 .46729 .24414 3.5001 1.9140 1.2182 .48976 
2.81 .46526 .24274 3.5336 1.9167 1.2192 .49148 
2.82 .46324 .24135 3.5674 1.9193 1.2202 .49321 
2.83 .46122 .23997 3.6015 1.9220 1.2211 .49491 
2.84 .45922 .23861 3.6359 1.9246 1.2221 .49660 

2.85 .45723 .23720 3.6707 1.9271 1.2230 .49828 
2.86 .45525 .23592 3.7058 1.9297 1.2240 .49995 
2.87 .45328 .23458 3.7413 1.9322 1.2249 .50161 
2.88 .45132 .23326 3.7771 1.9348 1.2258 .50326 
2.89 .44937 .23196 3.8133 1.9373 1.2268 .50489 
2.90 .44743 .23066 3.8498 1.9398 1.2277 .50651 
2.91 .44550 .22937 3.8866 1.9423 1.2286 .50812 
2.92 .44358 .22809 3.9238 1.9448 1.2295 .50973 
2.93 .44167 .22682 3.9614 1.9472 1.2304 .51133 
2.94 .43977 .22556 3.9993 1.9497 1.2313 .51291 

2.95 .43788 .22431 4.0376 1.9521 1.2322 .51447 
2.96 .43600 .22307 4.0763 1.9545 1.2331 .51603 
2.97 .43413 .22185 4.1153 1.9569 1.2340 .51758 
2.98 .43226 .22063 4.1547 1.9592 1.2348 .51912 
2.99 .43041 .21942 4.1944 1.9616 1.2357 .52064 

3.00 .42857 .21822 4.2346 1.9640 1.2366 .52216 
3.50 .34783 .16850 6.7896 2.0642 1.2743 .58643 
4.00 .28571 .13363 10.719 2.1381 1.3029 .63306 
4.50 .23762 .10833 16.562 2.1936 1.3247 .66764 
5.00 .20000 .08944 25.000 2.2361 1.3416 .69381 

6.00 .14634 .06376 53.180 2.2953 1.3655 .72987 
7.00 .11111 .04762 104.14 2.3333 1.3810 .75281 
8.00 .08696 .03686 190.11 2.3591 1.3915 .76820 
9.00 .06977 .02935 327.19 2.3772 1.3989 .77898 
10.00 .05714 .02390 535.94 2.3905 1.4044 .78683 

^ 2.4495 1.4289 .82153 

Table 4.26 FRICTIONAL,   ADIABATIC,   CONSTANT-AREA FLOW 
(Perfect Gas, k=1.4 exactly)   (Concluded) 
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(    ) 

v/v* 
M T/T* p/p* po/po* p*/p F/F* 4fLnmx/D 

0 1.335 OO CO 0 CO CO 

.05 1.334 2,3.099 11.,265 .05775 8.,687 2,34.36 

.10 1.331 1,1.535 S.,661 .1154 4.,392 ,55.83 

.15 1.325 7.,674 3..805 .1727 2.,982 2,3.21 

.20 1.317 5.,739 2.8,87 .229,6 2.2,93 1,2.11 

.25 1.308 4.5,74 2.3,44 .285,9 1.8,92 6..980 

.30 1.296 3.7,95 1.9,89 .341,5 1.6,35 4.,337 

.35 1.282 3.2,35 1.7,41 .396,3 1.4,60 2..810 

.40 1.267 2.8,14 1.5,60 .450,2 1.33,6 1.8,68 

.45 1.250 2.4,85 1.42,4 .503,1 1.24,5 1.2,60 

.50 1.232 2.2,20 1.32,0 .554,9 1.17,8 .8,549 

.00 1.212 2.00,2 1.23,9 .605,6 1.12,8 .5,787 

.60 1.191 1.81,9 1.17,6 .654,8 1.09,09 .3,877 

.65 1.169 1.66,4 1.12,6 .702,9 1.06,28 .2,548 

.70 1.146 1.53,0 1.08,74 .749,6 1,04,18 .16,25 

.75 1.1233 1.41,3 1.05,76 .794,9 1.02,65 .09,870 

.80 1.0993 1.31,1 1.03,51 .838,8 1.015,5 .05,576 

.85 1.0748 1.22,0 1.01,89 .881,2 1.008,0 .02,780 

.90 1.0501 1.13,9 1.00,81 .922,2 1.003,3 .01,106 

.95 1.0251 1.06,57 1.001,9 .961,8 1.000,8 .00,248 

1.00 1.0000 1.00,00 1.000,0 1.000,0 1.000,0 0 
1.05 .9749 .94,04 1.001,8 1.036,8 1.000,6 .002,03 
1.10 .9499 .88,60 1.007,0 1.072,1 1.002,4 .007,40 
1.15 .9251 .836,4 1.015,4 1.106,1 1.005,1 .015,22 
1.20 .9006 .790,8 1.026,6 1.138,8 1.008,4 .024,81 

1.25 .8763 .748,9 1.040,6 1.170 1.0124 .035,64 
1.30 .8524 .710,2 1.057,3 1.200 1.0167 .047,33 
1.35 .8289 .674,4 1.076,5 1.229 1.0213 .0595,7 
1.40 .8059 .641,2 1.098,1 1.257 1.0262 .0721,2 
1.45 .7833 .610,4 1.122,0 1.284 1.0313 .0848,1 

1.50 .761,2 .581,7 1.148 1.309 1.0364 .0974,9 
1.55 .739,7 .554,9 1.176 1.333 1.0416 .1101 
1.60 .718,7 .529,8 1.207 1.356 1.0468 .1225 
1.65 .698,2 .506,4 1.240 1.378 1.0520 .1346 
1.70 .678,3 .484,5 1.275 1.400 1.0572 .1465 

<A (J 
Notes:    (1)   For values of M from 0 to 3.00, all digits to the left of the comma are valid, 

for linear interpolation.   Where no comma is indicated in this region, all digits are 
valid for linear interpolation. 

(2)  The notation .0,429 signifies .000429.   The notation 5370 < signifies 5,370,000. 

Table 4.27    FRICTIONAL,   ADIABATIC,   CONSTANT-AREA FLOW 
(Perfect Gas, k=1.67 exactly) 

883275 O - 50 - 24 

e 
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^ 

v/v* 
M rp /np* P/P* po/po* P*/P F/F* 4fLmax/D 

i.75 .659,0 .463,9 1.312 1.421 1.0623 .1580 
1.80 .640,2 .444,5 1.351 1.440 1.0673 .1692 
1.85 .621,9 .426,3 1.392 1.459 1.0722 .1800 
1.90 .604,2 .409,1 1.436 1.477 1.0770 .1905 
1.95 .587,1 .392,9 1.482 1.494 1.0817 .2007 

2.00 .570,5 .377,6 1.530 1.510 1.0863 .2105 
2.05 .554,4 .363,2 1.580 1.526 1.0908 .2199 
2.10 .538,8 .349,6 1.632 1.541 1.0952 >2290 
2.15 .523,8 .336,7 1.687 1.556 1.0994 .2377 
2.20 .509,3 .324,4 1.744 1.570 1.1035 .2461 

2.25 .495,2 .312,8 1.803 1.583 1.107 .2542 
2.30 .4816 .301,7 1.865 1.596 1.111 .2620 
2.35 .4684 .291,2 1.929 1.608 1.115 .2694 
2.40 .4557 .281,3 1.995 1.620 1.119 .2766 
2.45 .4434 .271,8 2.064 1.631 1.122 .2835 

2.50 .4315 .2628 2.135 1.642 1.126 .2901 
2.55 .4200 .2542 2.209 1.653 1.129 .2965 
2.60 .4089 .2460 2.285 1.663 1.132 .3026 
2.65 .3982 .2381 2.364 1.672 1.135 .3085 
2.70 .3878 .2306 2.445 1.682 1.138 .3141 

2.75 .3778 .2235 2.529 1.691 1.141 .3196 
2.80 .3681 .2167 2.616 1.699 1.144 .3248 
2.85 .3587 .2102 2.705 1.707 1.146 .3299 
2.90 .3497 .2039 2'Z97 1.715 1.149 .3348 
2.95 .3410 .1979 2.892 1.723 1.152 .3395 

3.00 .3325 .1922 2.990 1.730 1.154 .3440 
3.50 .2616 .1461 4.134 1.790 1.174 .3810 
4.00 .2099 .1145 5.608 1.833 1.189 .4071 
4.50 .1715 .09203 7,456 1.864 1.200 .4261 
5.00 .1424 .07547 9.721 1.887 1.208 .4402 

6.00 .10222 .05329 15.68 1.918 1.220 .4594 
7.00 .07666 .03955 23.85 1.938 1.227 .4714 
8,00 .05949 .03049 34.58 1.951 1.232 .4793 
9.00 .04745 .02420 48.24 1.960 1.235 .4849 

10.00 .03870 .01996 65.18 1'.967 1.238 .4889 

3 

1.996 1.249 .5064 

-'    , A ^ 

Table 4.27 FRICTI0NAL,  ADIABATIC,   CONSTANT-AREA FLOW 
(Perfect Gas, k = l„67 exactly)   (Concluded) 

3 



Handbook of Supersonic Aerodynamics Page 4#141 

/•f* 

Vx/Vy Ax*/Ay* 
Mx My Py/P* py/px Ty/T* poy/pox Poy/px 

1.00 1.000,0 1.00,0 1.00,0 1.000 1.000,0 1.64,9 
1.05 .952,4 1.10,3 1.10,3 1.000 .999,8 1.73,5 
1.10 .909,1 1.21,0 1.21,0 1.000 .998,8 1.82,9 
1.15 .869,6 1.32,2 1.32,2 1.000 .996,4 1.93,0 
1.20 .833,3 1.44,0 1.44,0 1.000 .991,9 2.03,8 

1.25 .800,0 1.56,3 1.56,3 1.000 .985,1 2.15,2 
1.30 .769,2 1.69,0 1.69,0 1.000 .975,9 2.27,2 
1.35 .740,7 1.82,2 1.82,2 1.000 .964,0 2.39,8 
1.40 .714,3 1.96,0 1.96,0 1.000 .949,4 2.53,0 
1.45 .689,7 2.10,3 2.10,3 1.000 .932,1 2.66,7 

1.50 .666,7 2.25,0 2.25,0 1.000 .912,2 2.81,0 
1.55 .645,2 2.40,2 2.40,2 1.000 .889,9 2.95,8 
1.60 .625,0 2.56,0 2.56,0 1.000 .865,3 3.11,2 
1.65 .606,1 2.72,3 2.72,3 1.000 .838,6 3.27,1 
1.70 .588,2 2.89,0 2.89,0 1.000 .810,0 3.43,6 

1.75 .571,4 3.06,2 3.06,2 1.000 .779,8 3.60,6 
1.80 .555,6 3.24,0 3.24,0 1.000 .748,2 3.78,1 
1.85 .540,6 3.42,3 3.42,3 1.000 .715,5 3.96,1 
1.90 .526,3 3.61,0 3.61,0 1.000 .081,9 4.14,6 
1.95 .512,8 3.80,2 3.80,2 1.000 .6478 4.33,7 

2.00 .500,0 4.00,0 4.00,0 1.000 .6134 4.53,2 
2.05 .487,8 4.20,3 4.20,3 1.000 .5789 4.73,3 
2.10 .476,2 4.41,0 4.41,0 1.000 .5446 4.94,0 
2.15 .465,1 4.62,2 4.62,2 1.000 .510,6 5.15,1 
2.20 .454,5 4.84,0 4.84,0 1.000 .477,2 5.36,7 

>A'-    T 

Notes:    (1)  For values of M from 1.00 to 3.00, all digits to the left of the comma are valid 

for linear interpolation. Where no comma is indicated in this region, all digits are 
valid for linear interpolation. 

(2) The notation .0 3429 signifies .000429.   The notation 5370< signifies 5,370,000. 

Table 4.28   NORMAL SHOCK (Perfect Gas, k = 1.0 exactly) 

•S 
i .0 
i • 

L~ 
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Mx My py/p* 
Vx/Vy 
py/px Ty/Tx 

Ax*/Ay* 
poy/pox Poy/px 

2.25 .4444 5.06,3 5.06,3 1.000 .444,6 5.58,8 
2.30 .4347 5.29,0 5.29,0 1.000 .412,9 5.81,4 
2.35 .4255 5.52,2 5.52,2 1.000 .382,2 6.04,5 
2.40 .4167 5.76,0 5.76,0 1.000 .352,7 6.28,2 
2.45 .4082 6.00,3 6.00,3 1.000 .324,4 6.52,4 

2.50 .4000 6.25,0 6.25,0 1.000 .297,5 6.77,1 
2.55 .3921 6.50,2 6.50,2 1.000 .272,0 7.02,2 
2.60 .3846 6.76,0 6.76,0 1.000 .247,9 7.27,9 
2.65 .3774 7.02,3 7.02,3 1.000 .225,2 7.54,1 
2.70 .3704 7.29,0 7.29,0 1.000 .204,0 7.80,7 

2.75 .3636 7.56,2 7.56,2 1.000 .184,2 8.07,9 
2.80 .3571 7.84,0 7.84,0 1.000 .165,8 8.35,6 
2.85 .3508 8.12,3 8.12,3 1.000 .148,8 8.63,8 
2.90 .3448 8.41,0 8.41,0 1.000 .133,2 8.92,5 
2.95 .3390 8.70,2 8.70,2 1.000 .118,8 9.21,7 

3.00 .3333 9.000 9.000 1.000 .1055 9.514 
3.50 .2857 12.25 12.25 1.000 .02791 12.76 
4.00 .2500 16.00 16.00 1.000 .00554 16.51 
4.50 .2222 20.25 20.25 1.000 .0 3832 20.76 
5.00 .2000 25.00 25.00 1.000 .0 4951 25.51 

6.00 .1667 36.00 36.00 1.000 .0 6556 36.50 
7.00 .1429 49.00 49.00 1.000 ,08113 49.50 
8.00 .1250 64.00 64.00 1.000 .0,2817 64.50 
9.00 .1111 81.00 81.00 1.000 .0,5210 81.50 
10.00 .1000 100.00 100.00 1.000 .0,9194 100.50 

1.000 

Table 4.28 NORMAL SHOCK 
(Concluded) 

(Perfect Gas, k = 1.0 exactly) 

n 
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(   ) 

<A o 

Vx/Vy Ax*/Ay* 
Mx My py/px* py/px Ty/Tx Poy/pox Poy/px 

1.00 1.00,00 1.00,0 1.000 1.0000 1.000,0 1.71,0 
1.05 .95,26 1.10,7 1.097 1.0093 .999,8 1.80,4 
1.10 .909,9 1.22,0 1.198 1.0183 .998,8 1.90,6 
1.15 .871,2 1.33,8 1.303 1.0271 .996,5 2.01,5 
1.20 .836,0 1.46,1 1.410 1.0358 .992,1 2.13,2 

1.25 .803,8 1.58,9 1.521 1.0444 .985,6 2.25,5 
1.30 .774,3 1.72,3 1.636 1.0529 .976,9 2.38,4 
1.35 .747,1 1.86,2 1.754 1.0615 .965,7 2.52,0 
1.40 .722,1 2.00,6 1.875 1.0701 .951,9 2.66,2 
1:45 .698,9 2.15,5 1.998 1.0788 .935,8 2.81,0 

1.50 .677,3 2.30,9 2.124 1.0876 .917,4 2.96,4 
1.55 .657,3 2.46,9 2.252 1.0965 .896,9 3.12,4 
1.60 .638,6 2.63,4 2.383 1.1055 .874,4 3.28,9 
1.65 .621,1 2.80,4 2.516 1.1146 .850,1 3.46,0 
1.70 .604,8 2.98,0 2.651 1.1239 .824,2 3.63,7 

1.75 .589,5 3.16,1 2.789 1.133 .797,0 3.82,0 
1.80 .575,1 3.34,7 2.928 1.143 .768,6 4.00,8 
1.85 .561,5 3.53,8 3.069 1.153 .739,3 4.20,2 
1.90 .548,7 3.73,4 3.211 1.163 .7093 4.40,1 
1.95 .536,6 3.93,6 3.355 1.173 .6789 4.60,6 

2.00 .525,2 4.14,3 3.500 1.184 .6483 4.81,7 
2.05 .514,4 4.35,5 3.646 1.194 .6175 5.03,3 
2.10 .504,2 4.57,2 3.793 1.205 .5869 5.25,4 
2.15 .494,5 4.79,5 3.942 1.216 .5566 5.48,1 
2.20 .485,3 5.02,3 4.092 1.228 .526,7 5.71,3 

Notes:   (1) For values of M from 1.00 to 3.00, all digits to the left of the comma are valid 

for linear interpolation. Where no comma is indicated in this region, all digits are 
valid for linear interpolation. 

(2) The notation .0 3429 signifies .000429.   The notation 5370, signifies 5,370,000. 

Table 4.29   NORMAL SHOCK    (Perfect Gas, k=l.l exactly) 

C 
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V   ' 

v/ 

Vx/Vy Ax*/Ay* 
Mx My py/px py/px Ty/Tx poy/pox Poy/px 

2.25 .4765 5.25,6 4.242 1.239 .497,4 5.95,1 
2.30 .4682 5.49,4 4.393 1.251 .468,7 6.19,4 
2.35 .4603 5.73,8 4.544 1.263 .440,8 6.44,3 
2.40 .4527 5.98,7 4.696 1.275 .413,8 6.69,7 
2.45 .4454 6.24,1 4.848 1.287 .387,8 6.95,7 

2.50 .4385 6.50,0 5.000 1.300 .362,7 7.22,2 
2.55 .4319 6.76,4 5.152 1.313 .338,7 7.49,2 
2.60 .4256 7.03,4 5.304 1.326 .315,7 7.76,8 
2.65 .4196 7.30,9 5.457 1.339 .293,8 8.04,9 
2.70 .4138 7.58,9 5.610 1.353 .273,0 8.33,5 

2.75 .4082 7.87,5 5.762 1.367 .253,3 8.62,7 
2.80 .4029 8.16,6 5.914 1.381 .234,7 8.92,5 
2.85 .3978 8.46,2 6.065 1.395 .217,2 9.22,8 
2.90 .3929 8.76,3 6.216 1.410 .200,7 9.53,6 
2.95 .3882 9.06,9 6.367 1.424 .185,2 9.85,0 

3.00 .3837 9.381 6.517 1.439 .17070 10.17 
3.50 .3466 12.786 7.977 1.603 .07126 13.66 
4.00 .3203 16.714 9.333 1.791 .02750 17.68 
4.50 .3009 21.167 10.565 2.003 .01014 22.24 
5.00 .2859 26.143 11.667 2.241 .00366 27.28 

6.00 .2661 37.67 13.50 2.790 .03472 39.16 
7.00 .2531 51.29 14.91 3.439 .0,645 53.12 
8.00 .2443 67.00 16.00 4.188 .05965 69.23 
9.00 .2381 84.81 16.84 5.036 .05161 87.49 

10.00 .2336 104.71 17.50 5.984 .0,297 107.90 

.2132     »      21.00 

Table 4.29 NORMAL SHOCK (Perfect Gas, k = l.l exactly) 
(Concluded) 
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i » 
Vx/Vy Ax*/Ay* 

Mx My Pv/P* py/px Ty/Tx Poy/pox poy/px 

1.00 1.00,00 1.00,0 1.000 1.0000 1.000,0 1.77,2 
1.05 .95,28 1.11,2 1.092 1.0178 .999,8 1.87,3 
1.10 .910,6 1.22,9 1.187 1.0351 .998,9 1.98,2 
1.15 .872,6 1.35,2 1.285 1.0521 .996,5 2.09,9 
1.20 .838,3 1.48,0 1.385 1.0689 .992,3 2.22,4 

1.25 .807,1 1.61,4 1.486 1.0855 .986,1 2.35,6 
1.30 .778,7 1.75,3 1.590 1.1022 .977,7 2.49,5 
1.35 • .752,7 1.89,7 1.696 1.1189 .967,1 2.64,1 
1.40 .728,8 2.04,7 1.803 1.1357 .954,2 2.79,3 
1.45 .706,7 2.20,3 1.911 1.1527 .939,1 2.95,1 

1.50 .686,4 2.36,4 2.020 1.170 .922,0 3.11,5 
1.55 .667,6 2.53,0 2.131 1.187 .903,0 3.28,6 
1.60 .650,1 2.70,2 2.242 1.205 .882,2 3.46,3 
1.65 .633,8 2.87,9 2.354 1.223 .859,9 3.64,6 
1.70 .618,6 3.06,2 2.466 1.241 .836,2 3.83,6 

1.75 .604,4 3.25,0 2.579 1.260 .811,4 4.03,1 
1.80 .591,2 3.44,4 2.692 1.279 .785,6 4.23,2 
1.85 .578,8 3.64,3 2.805 1.299 .759,1 4.43,9 
1.90 .567,1 3.84,7 2.918 1.319 .732,0 4.65,2 
1.95 .556,1 4.05,7 3.031 1.339 .7045 4.87,1 

2.00 .545,8 4.27,3 3.143 1.360 .6768 5.09,6 
2.05 .536,0 4.49,4 3.255 1.381 .6490 5.32,6 
2.10 .526,8 4.72,0 3.366 1.402 .6213 5.56,2 
2.15 .518,1 4.95,2 3.477 1.424 .5938 5.80,5 
2.20 .5099 5.18,9 3.587 1.446 .5667 6.05,3 

^ 

Notes:    (1)  For values of M from 1.00 to 3.00, all digits to the left of the comma are valid 

for linear interpolation. Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2)  The notation .0 8429 signifies .000429.   The notation 5370, signifies 5,370,000. 

Table 4.30   NORMAL SHOCK    (Perfect Gas, k = 1.2 exactly) 
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Vx/Vy Ax*/Ay* 
Mx My p.v/px py/px Ty/Tx Poy/pox Poy/px 

2.25 .5021 5.43,2 3.697 1.469 .5400 6.30,7 
2.30 .4947 5.68,0 3.806 1.492 .5139 6.56,7 
2.35 .4877 5.93,4 3.914 1.516 .4884 6.83,2 
2.40 .4810 6.19,3 4.020 1.540 .4636 7.10,4 
2.45 .4746 6.45,7 4.126 1.565 .4397 7.38,3 

2.50 .4686 6.72,7 4.231 1.590 .416,2 7.66,4 
2.55 .4629 7.00,3 4.335 1.616 .393,7 7.95,2 
2.60 .4574 7.28,4 4.437 1.642 .372,1 8.24,7 
2.65 .4521 7.57,0 4.538 1.668 .351,3 8.54,7 
2.70 .4471 7.86,2 4.638 1.695 .331,4 8.85,3 

2.75 .4424 8.15,9 4.737 1.723 .312,4 9.16,5 
2.80 .4378 8.46,2 4.834 1.751 .294,2 9.48,3 
2.85 .4334 8.77,0 4.930 1.779 .276,8 9.80,6 
2.90 .4292 9.08,4 5.025 1.808 .260,3 10.13,5 
2.95 .4252 9.40,3 5.118 1.837 .244,6 10.47,0 

3.00 .4214 9.727 5.211 1.867 .2298 10.81 
3.50 .3904 13.27 6.056 2.192 .1198 14.53 
4.00 .3690 17.36 6.769 2.565 .06096 18.83 
4.50 .3536 22.00 7.364 2.988 .03093 23.70 
5.00 .3421 27.18 7.857 3.459 .01586 29.15 

6.00 .3267 39.18 8.609 4.551 .00441 41.76 
7.00 .3170 53.36 9.136 5.841 .00134 56.66 
8.00 .3106 69.73 9.513 7.329 .0 3450 73.86 
9.00 .3061 88.27 9.791 9.016 .0a164 93.35 

10.00 .3029 109.00 10.000 10.900 .0,650 115.14 

.2887 11.00 

Table 4.30   NORMAL SHOCK    (Perfect Gas, k = 1.2 exactly) 
(Concluded) 

o 

ft 
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Y 

(    ) 

Vx/Yy Ax*/Ay* 
Mx My py/px fii/px Ty/Tx poy/pox Po>7 px 

1.00 1.00,00 1.00,0 1.000 1.0000 1.000,0 1.83,2 
1.05 .95,30 1.11,6 1.088 1.0257 1.999,8 1.94,1 
1.10 .91,12 1.23,7 1.178 1.0507 .998,9 2.05,8 
1.15 .873,9 1.36,4 1.269 1.0752 .996,6 2.18,3 
1.20 .840,3 1.49,7 1.362 1.0995 .992,5 2.31,6 

1.25 .810,0 1.63,6 1.456 1.124 .986,6 2.45,7 
1.30 .782,5 1.78,0 1.551 1.148 .978,6 2.60,5 
1.35 .757,5 1.93,0 1.646 1.172 .968.4 2.76,0 
1.40 .734,0 2.08,5 1.742 1.197 .956,2 2.92,2 
1.45 .713,6 2.24,6 1.838 1.222 .942,1 3.09,0 

1.50 .694,2 2.41,3 1.935 1.247 .926,1 3.26,5 
1.55 .676,4 2.58,5 2.031 1.273 .908,4 3.44,7 
1.60 .659,9 2.76,3 2.127 1.299 .889,1 3.63,5 
1.65 .644,6 2.94,7 2.223 1.326 .868,4 3.83,0 
1.70 .630,4 3.13,7 2.318 1.353 .846,6 4.03,1 

1.75 .617,2 3.33,2 2.413 1.380 .823,8 4.23,8 
1.80 .604,8 3.53,2 2.507 1.408 .800,1 4.45,2 
1.85 .593,3 3.73,8 2.601 1.437 .775,8 4.67,2 
1.90 .582,5 3.95,0 2.694 1.467 .7510 4.89,8 
1.95 .572,4 4.16,8 2.785 1.497 .7259 5.13,1 

2.00 .562,9 4.39,1 2.875 1.527 .7006 5.37,0 
2.05 .553,9 4.62,0 2.964 1.558 .6752 5.61,5 
2.10 .545,5 4.85,5 3.052 1.590 .6499 5.86,6 
2.15 .5376 5.09,5 3.139 1.623 .6248 6.12,3 
2.20 .5301 5.34,1 3.225 1.656 .6000 6.38,7 

( ) 

Notes:    (1)  For values of M from 1.00 to 3.00, all digits to the left of the comma are valid 

for linear interpolation. Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2)  The notation .0,429 signifies .000429.   The notation 5370 < signifies 5,370,000 

Table 4.31   NORMAL SHOCK    (Perfect Gas, k=1.3 exactly) 
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T 
Vx/Vy Ax*/Ay* 

Mx My P>/P< py/px Ty/Tx Poy/pox Poy/px 

2.25 .5230 5.59,2 3.309 1.690 .575,5 6.65,7 
2.30 .5163 5.84,9 3.392 1.725 .551,5 6.93,3 
2.35 .5100 6.11,2 3.474 1.760 .528,0 7.21,5 
2.40 .5040 6.38,1 3.554 1.796 .505,0 7.50,3 
2.45 .4983 6.65,5 3.633 1.832 .482,7 7.79,8 

2.50 .4929 6.93,5 3.710 1.869 .461,0 8.09,8 
2.55 .4878 7.22,0 3.786 1.907 .440.0 8.40,5 
2.60 .4829 7.51,1 3.860 1.946 .419,6 8.71,8 
2.65 .4782 7.80,8 3.933 1.985 .399,9 9.03.7 
2.70 .4738 8.11,0 4.005 2.025 .381,0 9.36,2 

2.75 .4696 8.41,8 4.075 2.066 .362.8 9.69,3 
2.80 .4655 8.73,2 4.144 2.108 .345,2 10.03 
2.85 .4616 9.05,2 4.211 2.150 .328,4 10.37 
2.90 .4579 9.37,7 4.277 2.193 .312,3 10.72 
2.95 .4544 9.70,8 4.341 2.236 .296,9 11.08 

3.00 .4511 10.04 4.404 2.280 .2822 11.44 
3.50 .4241 13.72 4.964 2.763 .1677 15.39 
4.00 .4058 17.96 5.412 3.318 .09932 19.90 
4.50 .3927 22.76 5.768 3.946 .05941 25.18 
5.00 .3832 28.13 6.053' 4.648 .03612 30.90 

6.00 .3704 40.57 6.469 6.271 .01422 44.31 
7.00 .3625 55.26 6.749 8.189 .00610 60.14 
8.00 .3573 72.22 6.943 10.40 .00283 78.40 
9.00 .3536 91.43 7.084 12.91 .00140 99.10 

10.00 .3510 112.91 7.188 15.71 .0,740 122.24 

.3397 7.667 

I 1 

Table 4.31 NORMAL SHOCK' 
(Concluded) 

(Perfect Gas, k = 1.3 exactly) 
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Vx/Vy Ax*/Ay* 
Mx My py/px Py/px Ty/Tx Poy/pox poy/px 

1.00 1*0000,0 1.0000,0 1.0000,0 1.0000,0 1.00000 1.8929 
1.01 .9901,3 1.0234,5 1.0166,9 1.0066,5 .99999 1.9152 
1.02 .9805,2 1.0471,3 1.0334,4 1.01325 .99998 1.9379 
1.03 .9711,5 1.0710,5 1.0502,4 1.01981 .99997 1.9610 
1.04 .9620,2 1.0952,0 1.0670,9 1.02634 .99994 1.9845 

1.05 .9531,2 1.1196 1.0839,8 1.03284 .99987 2.0083 
1.06 .9444,4 1.1442 1.10092 1.03931 .99976 2.0325 
1.07 .9359,8 1.1690 1.11790 1.04575 .99962 2.0570 
1.08 .9277,2 1.1941 1.13492 1.05217 .9994,4 2.0819 
1.09 .9196,5 1.2194 1.15199 1.05856 .9992,1 2.1072 

1.10 .9117,7 1.2450 1.1691 1.06494 .9989,2 2.1328 
1.11 .9040,8 1.2708 1.1862 1.07130 .9985,8 2.1588 
1.12 .8965,6 1.2968 1.2034 1.07764 .9982,0 2.1851 
1.13 .8892.2 1.3230 1.2206 1.08396 .9977,6 2.2118 
1.14 .8820,4 1.3495 1.2378 1.09027 .9972,6 2.2388 

1.15 .8750,2 1.3762 1.2550 1.09657 .9966,9 2.2661 
1.16 .8681,6 1.4032 1.2723 1.10287 .9960,5 2.2937 
1.17 .8614,5 1.4304 1.2896 1.10916 .9953,4 2.3217 
1.18 .8548,8 1.4578 1.3069 1.11544 .9945,5 2.3499 
1.19 .8484,6 1.4854 1.3243 1.12172 .9937,1 2.3786 

1.20 .8421,7 1.5133 1.3416 1.1280 .9928,0 2.4075 
1.21 .8360,1 1.5414 1.3590 1.1343 .9918,0 2.4367 
1.22 .8299,8 1.5698 1.3764 1.1405 .9907,3 2.4662 
1.23 .8240,8 1.5984 1.3938 1.1468 .9895,7 2.4961 
1.24 .8183,0 1.6272 1.4112 1.1531 .9883,5 2.5263 

1.25 .8126,4 1.6562 1.4286 1.1594 .9870,6 2.5568 
1.26 .8070,9 1.6855 1.4460 1.1657 .9856,8 2.5876 
1.27 .8016,5 1.7150 1.4634 1.1720 .9842,2 2.6187 
1.28 .7963,1 1.7448 1.4808 1.1782 .9826,8 2.6500 
1.29 .7910,8 1.7748 1.4983 1.1846 .9810,6 2.6816 

1.30 .7859,6 1.8050 1.5157 1.1909 .9793,5 2.7135 
1.31 .7809,3 1.8354 1.5331 1.1972 .9775,8 2.7457 
1.32 .7760,0 1.8661 1.5505 1.2035 .9757,4 2.7783 
1.33 .7711,6 1.8970 1.5680 1.2099 .9738,2 2.8112 
1.34 .7664,1 1.9282 1.5854 1.2162 .9718,1 2.8444 

1.35 .7617,5 1.9596 1.6028 1.2226 .9697,2 2.8778 
1.36 .7571,8 1.9912 1.6202 1.2290 .9675,6 2.9115 
1.37 .7526,9 2.0230 1.6376 1.2354 .9653,4 2.9455 
1.38 .7482,8 2.0551 1.6550 1.2418 .9630,4 2.9798 
1.39 .7439,6 2.0874 1.6723 1.2482 .9606,5 3.0144 

1.40 .7397,1 2.1200 1.6896 1.2547 .9581,9 3.0493 
1.41 .7355,4 2.1528 1.7070 1.2612 .9556,6 3.0844 
1.42 .7314,4 2.1858 1.7243 1.2676 .9530,6 3.1198 
1.43 .7274,1 2.2190 1.7416 1.2742 .9503,9 3.1555 
1.44 .7234,5 2:2525 1.7589 1.2807 .9476,5 3.1915 

() I 

Notes:    (1)  For values or M from 1.00 to 3.00, all digits to the left of the comma are valid 

for linear interpolation. Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2)  The notation .0 3429 signifies .000429.   The notation" 5370, signifies 5,370,000. 

At- 
Table 4.32 NORMAL SHOCK (Perfect Gas, k=1.4 exactly) 
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Vv/Vy Ax*/Ay* 
Mx My py/pv py/px Ty/Tx poy/pox Poy/px 

I .-45 .7195,0 2.2862 1.7761 1.2872 .9448,3 3.2278 
1.40 .7157,4 2.3202 1.7934 1.2938 .9419,6 3.2643 
1.47 .7119,8 2.3544 1.8106 1.3004 .9390,1 3.3011 
1.48 .7082,9 2.3888 1.8278 1.3070 .9360,0 3.3382 
1.49 .7046,0 2.4234 1.8449 1.3136 .9329,2 3.3756 

1.50 .7010,9 2.4583 1.8021 1.3202 .9297,8 3.4133 
1.51 .0975,8 2.4934 1.8792 1.3209 .9265,8 3.4512 
1.52 .0941,3 2.5288 1.8962 1.3336 .9233,1 3.4894 
1.53 .0907,3 2.5044 1.9133 1.3403 .9199,9 3.5279 
1.54 .0873,9 2.0003 1.9303 1.3470 .9166,2 3.5667 

1.55 .6841,0 2.0303 1.9473 1.3538 .9131,9 3.6058 
1.50 .0808,0 2.0725 1.9643 1.3600 .9097,0 3.6451 
1.57 .0770,8 2.7090 1.9812 1.3074 .9061,5 3.6847 
1.58 .6745,5 2.7458 1.9981 1.3742 .9025,5 3.7245 
1.59 .6714,7 2.7828 2.0149 1.3811 .8988,9 3.7645 

1.60 .66844 2.8201 2.0317 1.3880 .8952,0 3.8049 
1.61 .66545 2.8575 2.0485 1.3949 .8914,4 3.8456 
1.62 .06251 2.8951 2.0652 1.4018 .8876,4 3.8866 
1.63 .05902 2.9330 2.0820 1.4088 .8838,0 3.9278 
1.64 .05677 2.9712 2.0980 1.4158 .8799,2 3.9693 

1.65 .65396 3.0090 2.1152 1.4228 .87598 4.0111 
1.66 .65119 3.0482 2.1318 1.4298 .87201 4.0531 
1.67 .64847 3.0870 2.1484 1.4369 .80800 4.0954 
1.68 .64579 3.1261 2.1649 1.4440 .86396 4.1379 
1.69 .64315 3.1654 2.1813 1.4512 .85987 4.1807 

1.70 .64055 3.2050 2.1977 1.4583 .85573 4.2238 
1.71 .63798 3.2448 2.2141 1.4655 .85155 4.2672 
1.72 .63545 3.2848 2.2304 1.4727 .84735 4.3108 
1.73 .03290 3.3250 2.2467 1.4800 .84312 4.3547 
1.74 .03051 3.3655 2.2629 1.4873 .83886 4.3989 

1.75 .02809 3.4062 2.2791 1.4940 .83456 4.4433 
1.76 .02570 3.4472 2.2952 1.5019 .83024 4.4880 
1.77 .62335 3.4884 2.3113 1.5093 .82589 4.5330 
1.78 .62104 3.5298 2.3273 1.5167 .82152 4.5783 
1.79 .61875 3.5714 2.3433 1.5241 .81711 4.6238 

1.80 .61650 3.6133 2.3592 1.5316 .81268 4.6695 
1.81 .61428 3.6554 2.3751 1.5391 .80823 4.7155 
1.82 .61209 3.G978- 2.3909 1.5466 .80376 4.7618 
1.83 .00993 3.7404 2.4067 1.5542 .79926 4.8083 
1.84 .60780 3.7832 2.4224 1.5617 .79474 4.8551 

1.85 .60570 3.8262 2.4381 1.5694 .79021 4.9022 
1.86 .00363 3.8695 2.4537 1.5770 .78567 4.9498 
1.87 .60159 3.9130 2.4693 1.5847 .78112 4.9974 
1.88 .59957 3.9568 2.4848 1.5924 .77656 5.0453 
1.89 .59758 4.0008 2.5003 1.6001 .77197 5.0934 

Table 4.32 NORMAL SHOCK 
(Continued) 

(Perfect Gas, k-1.4 exactly) 
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C 

c 

Vx/Vy Ax*/Ay* 
Mx My Py/P* py/px Ty/Tx Poy/pox Poy/px 

1.90 .59562 4.0450 2.5157 1.6079 .76735 5.1417 
1.91 .59368 4.0894 2.5310 1.6157 .76273 5.1904 
1.92 .59177 4.1341 2.5463 1.6236 .75812 5.2394 
1.93 .58988 4.1790 2.5615 1.6314 .75347 5.2886 
1.94 .58802 4.2242 2.5767 1.6394 .74883 5.3381 

1.95 .58618 4.2696 2.5919 1.6473 .74418 5.3878 
1.96 .58437 4.3152 2.6070 1.6553 .73954 5.4378 
1.97 .58258 4.3610 2.6220 1.6633 .73487 5.4880 
1.98 .58081 4.4071 2.6369 1.6713 .73021 5.5385 
1.99 .57907 4.4534 2.6518 1.6794 .72554 5.5894 

2.00 .57735 4.5000 2.6666 1.6875 .72088 5.6405 
2.01 .57565 4.5468 2.6814 1.6956 .71619 5.6918 
2.02 .57397 4.5938 2.6962 1.7038 .71152 5.7434 
2.03 .57231 4.6411 2.7109 1.7120 .70686 5.7952 
2.04 .57068 4.6886 2.7255 1.7203 .70218 5.8473 

2.05 .56907 4.7363 2.7400 1.7286 .69752 5.8997 
2.06 .56747 4.7842 2.7545 1.7369 .69284 5.9523 
2.07 .56589 4.8324 2.7690 1.7452 .68817 6.0052 
2.08 .56433 4.8808 2.7834 1.7536 .68351 6.0584 
2.09 .56280 4.9295 2.7977 1.7620 .67886 8.1118 

2.10 .56128 4.9784 2.8119 1.7704 .67422 6.1655 
2.11 .55978 5.0275 2.8261 1.7789 .66957 6.2194 
2.12 .55830 5.0768 2.8402 1.7874 .66492 6.2736 
2.13 .55683 5.1264 2.8543 1.7960 .66029 6.3280 
2.14 .55538 5.1762 2.8683 1.8046 .65567 6.3827 

2.15 .55395 5.2262 2.8823 1.8132 .65105 6.4377 
2.16 .55254 5.2765 2.8962 1.8219 .64644 6.4929 
2.17 .55114 5.3270 2.9100 1.8306 .64185 6.5484 
2.18 .54976 5.3778 2.9238 1.8393 .63728 6.6042 
2.19 .54841 5.4288 2.9376 1.8481 .63270 6.6602 

2.20 .54706 5.4800 2.9512 1.8569 .62812 6.7163 
2.21 .54572 5.5314 2.9648 1.8657 .62358 6.7730 
2.22 .54440 5.5831 2.9783 1.8746 .61905 6.8299 
2.23 .54310 5.6350 2.9918 1.8835 .61453 6.8869 
2.24 .54182 5.6872 3.0052 1.8924 .61002 6.9442 

2.25 .54055 5.7396 3.0186 1.9014 .60554 7.0018 
2.26 .53929 5.7922 3.0319 1.9104 .60106 7.0597 
2.27 .53805 5.8451 3.0452 1.9194 .59659 7.1178 
2.28 .53683 5.8982 3.0584 1.9285 .59214 7.17G2 
2.29 .53561 5.9515 3.0715 1.9376 .58772 7.2348 

2.30 .53441 6.0050 3.0846 1.9468 .58331 7.2937 
2.31 .53322 6.0588 3.0976 1.9560 .57891 7.3529 
2.32 .53205 6.1128 3.1105 1.9652 .57452 7.4123 
2.33 .53089 6.1670 3.1234 1.9745 .57015 7.4720 
2.34 .52974 6.2215 3.1362 1.9838 .56580 7.5319 

Table 4.32 NORMAL SHOCK 
(Continued) 

(Perfect Gas, k = 1.4 exactly) 
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Vx/Vy Ax*/Ay* 
Mx My Py/p* py/px Ty/Tx poy/pox poy/px 

2.35 .52861 6.2762 3.1490 1.9931 .56148 7.5920 
2.36 .52749 6.3312 3.1617 2.0025 .55717 7.6524 
2.37 .52638 6.3864 3.1743 2.0119 .55288 7.7131 
2.38 .52528 '6.4418 •3.1869 2.0213 .54862 7.7741 
2.39 .52419 6.4974 3.1994 2.0308 .54438 7.8354 

2.40 .52312 6.5533 3.2119 2.0403 .54015 7.8969 
2.41 .52206 6.6094 3.2243 2.0499 .53594 7.9587 
2.42 .52100 6.6658 3.2366 2.0595 .53175 8.0207 
2.43 .51996 6.7224 3.2489 2.0691 .52758 8.0830 
2.44 .51894 6.7792 3.2611 2.0788 .52344 8.1455 

2.45 .51792 6.8362 3.2733 2.0885 .51932 8.2083 
2.46 .51691 6.8935 3.2854 ' 2.0982 .51521 8.2714 
2.47 .51592 6.9510 3.2975 2.1080 .51112 8.3347 
2.48 .51493 7.0088 3.3095 2.1178 .50706 8.3983 
2.49 .51395 7.0668 3.3214 2.1276 .50303 8.4622 

2.50 .51299 7.1250 3.3333 2.1375 .49902 8.5262 
2.51 .51204 7.1834 3.3451 2.1474 .49502 8.5904 
2.52 .51109 7.2421 3.3569 2.1574 .49104 8.6549 
2.53 .51015 7.3010 3.3686 2.1674 .48709 8.7198 
2.54 .50923 7.3602 3.3802 2.1774 .48317 8.7850 

2.55 .50831 7.4196 3.3918 2.1875 .47927 8.8505 
2.56 .50740 7.4792 3.4034 2.1976 .47540 8.9162 
2.57 .50651 7.5391 3.4149 2.2077 .47155 8.9821 
2.58 .50562 7.5992 3.4263 2.2179 .46772 9.0482 
2.59 .50474 7.6595 3.4376 2.2281 .46391 9.1146 

2.60 .50387 7.7200 3.4489 2.2383 .46012 9.1813 
2.61 .50301 7.7808 3.4602 2.2486 .45636 9.2481 
2.62 .50216 7.8418 3.4714 2.2589 .45262 9.3154 
2.63 .50132 7.9030 3.4825 2.2693 .44891 9.3829 
2.64 .50048 7.9645 3.4936 2.2797 .44522 9.4507 

2.65 .49965 8.0262 3.5047 2.2901 .44155 9.5187 
2.66 .49883 8.0882 3.5157 2.3006 .43791 9.5869 
2.67 .49802 8.1504 3.5266 2.3111 .43429 9.6553 
2.68 .49722 8.2128 3.5374 2.3217 .43070 9.7241 
2.69 .49642 8.2754 3.5482 2.3323 .42713 9.7932 

2.70 .49563 8.3383 3.5590 2.3429 .42359 9.8625 
2.71 .49485 8.4014 3.5697 2.3536 .42007 9.9320 
2.72 .49408 8.4648 3.5803 2.3643 .41657 10.0017 
2.73 .49332 8.5284 3.5909 2.3750 .41310 10.0718 
2.74 .49256 8.5922 3.6014 2.3858 .40965 10.1421 

2.75 .49181 8.6562 3.6119 2.3966 .40622 10.212. 
2.76 .49107 8.7205 3.6224 2.4074 .40282 10.283 
2.77 .49033 8.7850 3.6328 2.4183 .39945 10.354 
2.78 .48960 " 8.8497 3.6431 2.4292 .39610 10.426 

"  2.79 .48888 8.9147 3.6533 2.4402 .39276 10.498 

) 

3 

Table 4.32   NOBMAL SHOCK (Perfect Gas, k=1.4 exactly) 
(Continued) 

€> 

t** HCE*V* ' y~", i\ c*T y^wa»*-- 



*mmiWk*mwussmin 
- -liiMwtinwriiinwMiMtt.i 

Handbook of Supersonic Aerodynamics Page 4.153 

Vx Yy Ax*/Ay* 
Mx My py/px py' px Ty/Tx Poy/pox. poy px 

2.80 .48817 8.9800 3.6635 2.4512 .38946 10.569 
2.81 .48746 9.0454 3.6737 2.4622 .38618 10.641 
2.82 .48076 9.1111 3.6838 2.4733 .38293 10.714 
2.83 .48607 9.1770 3.6939 2.4844 .37970 10.787 
2.84 .48538 9.2432 3.7039 2.4955 .37649 10.860 

2.85 .48470 9.3096 3.7139 2.5067 .37330 10.933 
2.86 .48402 9.3762 3.7238 2.5179 .37013 11.006 
2.87 .48334 9.4431 3.7336 2.5292 .36700 11.080 
2.88 .48268 9.5102 3.7434 2.5405 .36389 11.154 
2.89 .48203 9.5775 3.7532 2.5518 .36080 11.228 

2.90 .48138 9.6450 3.7629 2.5632 .35773 11.302 
2.91 .48074 9.7127 3.7725 2.5746 .35469 11.377 
2.92 .48010 9.7808 3.7821 2.5860 .35167 11.452 
2.93 .47946 9.8491 3.7917 2.5975 .34867 11.527 
2.94 .47883 9.9176 3.8012 2.6090 .34570 11.603 

2.95 .47821 9.9863 3.8106 2.6206 .34275 11.679 
2.96 .47760 10.055 3.8200 2.6322 .33982 11.755 
2.97 .47699 10.124 3.8294 2.6438 .33692 11.831 
2.98 .47638 10.194 3.8387 2.6555 .33404 11.907 
2.99 .47578 10.263 3.8479 2.6672 .33118 11.984 

3*.00 .47519 10.333 3.8571 2.6790 .32834 12.061 
3.50 .45115 14.125 4.2608 3.3150 .21295 16.242 
4.00 .43496 18.500 4.5714 4.0469 .13876 21.068 
4.50 .42355 23.458 4.8119 4.8751 .09170 26.539 
5.00 .41523 29.000 5.0000 5.8000 .06172 32.654 

6.00 .40416 41.833 5.2683 7.9406 .02965 46.815 
7.00 .39736 57.000 5.4444 10.469 .01535 63.552 
8.00 .39289 74.500 5.5652 13.387 .00849 82.865 
9.00 .38980 94.333 5.6512 16.693 .00496 104.753 
10.00 .38757 116.500 5.7143 20.388 .00304 129.217 

.37796 6.0000 

h vL 

Table 4.32 NORMAL SHOCK (Perfect Gas, k = 1.4 exactly) 
(Concluded) 
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W 

Vx/Vy Ax* /Ay* 
Mx M> p,   px py/px Ty/Tx Poy/Pox Poy/px 

1.00 1.00,00 1.00,0 1.0000 1.0000 1.000,0 2.05,5 
1.05 .95,35 1.12,8 1.0748 1.0496 .999,8 2.18,9 
1.10 .91,31 1.26,2 1.149 1.0985 .999,0 2.33,3 
1.15 .877,0 1.40,3 1.223 1.147 .996,9 2.48,6 
1.20 .840,3 1.55,0 1.297 1.195 .993,4 2.64,9 

1.25 .818,4 1.70,3 1.370 1.244 .988,3 2.82,1 
1.30 .793,5 1.86,3 1.441 1.293 .981,3 3.00,2 
1.35 .771,1 2.02,9 1.511 1.343 .972,8 3.19,1 
1.40 .750,9 2.20,1 1.580 1.394 .962,7 3.38,8 
1.45 .732,5 2.37,9 1.647 1.445 .951,1 3.59,2 

1.50 .715,8 2.56,3 1.713 1.497 .938,1 3.80,4 
1.55 .700,0 2.75,4 1.777 1.550 .923,9 4.02,5 
1.60 .680,6 2.95,1 1.840 1.604 .908,6 4.25,4 
1.05 .673,8 3.15,4 1.901 1.659 .892,4 4.49,0 
1.70 .662,0 3.36,4 1.960 1.716 .875,4 4.73,3 

1.75 .651,1 3.58,0 2.018* 1.774 .8577 4.98,4 
1.80 .641,0 3.80,2 2.074 1.833 .8395 5.24,3 
1.85 .631,6 4.03,0 2.128 1.893 .8209 5.51,0 
1.90 .622,9 4.26,5 2.181 1.955 .8019 5.78,4 
1.95 .614,8 4.50,6 2.232 2.018 .7827 6.06,5 

2.00 .607,3 4.75,3 2.282 2.083 .7634 6.35,4 
2.05 .600,2 5.00,6 2.330 2.149 .7441 6.65,0 
2.10 .593,6 5.26,6 2.376 2.216 .7248 6.95,4 
2.15 .5875 5.53,2 2.421 2.284 .7056 7.26,6 
2.20 .5817 5.80,4 2.465 2.354 .6866 7.58,5 

Notes:    (1)  For values of M from 1.00 to 3.00, all digits to the left of the comma are valid 

for linear interpolation. Where no comma is indicated in this region, all digits are 

valid for linear interpolation. 
(2)  The notation .0 3429 signifies .000429.   The notation 5370 4 signifies 5,370,000. 

Table 4.33   NORMAL SHOCK    (Perfect Gas, k=1.67 exactly) 
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(   ) 

Vx/Vy Ax*/Ayv 

M* My py/px py/px Ty/Tx Poy/pov poy/px 

2.25 .5762 6.08,2 2.507 2.426 .6678 7.91,1 
2.30 .5711 6.36,6 2 548 2.499 .6493 8.24,4 
2.35 .5663 6.65,7 2.ÖP7 2.574 .6310 8.58,5 
2.40 .5617 6.95,4 2.625 2.650 .0130 8.93,4 
2.45 .5574 7.25,7 2.062 2.727 .5954 9.29,0 

2.50 .5534 7.56,7 2.697 2.806 .5783 9.653 
2.55 .5495 7.88,3 2.731 2.886 .5615 10.02 
2.60 .5459 8.20,5 2 764 2.968 .5450 10.40 
2.65 .5425 8.53,3 2.791) 3.052 .5289 10.79 
2.70 .5392 8.86,8 2.827 3.137 .5133 11.18 

2.75 .5361 9.20,9 2.857 3.223 .4981 11.58 
2.80 .5331 9.55,6 2.886 3.311 .4833 11.99 
2.85 .5303 9.90,9 2.914 3.401 .4689 12.41 
2.90 .5276 10.27 2.941 3.492 .4550 12.83 
2.95 .5251 10.64 2.967 3.584 .4415 13.26 

3.00 .5227 11.01 2.992 3.678 .4283 13.69 
3.50 .5036 15.07 3.204 4.704 .3177 18.47 
4.00 .4910 19.76 3.358 5.885 .2384 23.99 
4.50 .4822 25.08 3.473 7.221 .1816 30.24 
5.00 .4758 31.02 3.560 8.714 .1406 37.23 

6.00 .4674 44.78 3.680 12.17 .08831 53.40 
7.00 .4623 61.04 3.756 16.25 .05842 72.53 
8.00 .4589 79.81 3.808 20.96 .04059 94.59 
9.00 .4566 101.08 3.843 26.30 .02920 119.6 

10.00 .4550 124.84 3.870 32.26 .02167 147.6 

.4479 3.985 

! />• e 

Table 4.33   N0BMAL SHOCK (Perfect Gas, k = 1.67 exactly) 
(Concluded) 

883275 O - 50 - 25 
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Adopted Values of the Density Ratio (0) for 

Atmospheric Modol I from the Fo-Layor 
up to 1600 Km. 

Latitudo 0". Metric Units (Fig. 3.42) . 
Latitude 45°. Motrlo Unlt3 (Fig. 3.46) 

3-84 
3-86 

3-83 
3-85 
3-60 

3-103 
3-105 
3-104 
3-106 

3-111 
3-113 
3-112 
3-114 

3-90 
3-92 
3-91 
3-93 

3-35 
3-32 

3-40 
3-37 

US 3"9? 3-66 
3-72 

3-11 

3-51 

3-103 
3-105 
3-304 
3-106 

3-111 
3-113 
3-112 
3-114 

3-90 
3-92 
3-91 
3-93 

3-63 
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3-66 
3-72 
3-2 

3-97 
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Tables and Figures (Continued) 
Adopted Values of tho Density Ratio (a) for 

Atmospheric Model 1 fron the F2-Layer up to 
1000 lilies     Ä 

Latitude 0°, Engineering Units (Fig. 3.41).. 3-96 
Latitudo 45^. Enginsorlng Units (Pig. 3.45). 3-100 

Adopted Values of the Density Ratio (ff) for 
Atmospheric Model XI from h. up to I650 Kn, 

Latitude 0°. Metric Units (Fig. 3.49) ......  *-io8 
Latitude 45°. Metric Units (Fig. 3.51) ..... 3-110 

Adopted Values of the Density Ratio (c) for 
Atmospheric Uodel II fron h,, up to 1000 lilies 

Latitude 0°. Engineering Units (Fig. 3.48) . 3-107 
Latitude 450. Enginoorlng Units (Fig. 3.50). 3-109 

Adoptod Values of Temperature for Atmospheric 
Model I from tho F2~Layor up to 1600 Km, 

Latitude 00. Metric Units (Fig. 3.40) 3-95 
Latitude 45°. Metric Units (Fig. 3.44)  ..... 3^99 

Adopted Values of Temperature for Atmospheric 
Model I fron the F2-Layor up to 1000 Miles 

Latitudo 00. Enginoorlng Units (Fig. 3.39).. 3-9* 
Latitudo 450. Engineering Units (Fig. 3.43). 3-98 

Altitude vs Percentage Composition of tho 
Atmosphere with Respect to Argon, Oxygen and 
Hitrogen Only (Fig. 3.17)   3-27 

Altitude vs Temperaturo of the Atmosphere 
(Figs. 3.9-3.11)  3-19 -3-21 

Atmospheric Model 1. Values of Temperature, Pressure 
and Density Above tho F2-Layer, Based on ML " 7 

Latitude oo. Engineering Units (Table 3.17).  3-90 
Latitude 45°. Engineering Units 

(Table 3.19)   .. 3-92 
Latitude 00. Metric Unit3 (Table 3.18)    3-91 
Latitudo 450. Metric Units (Table 3.20) ....  3-93 

Atmospheric Model II. Values of Temperature, 
Pressure and Density Above the F2"I>ayor 

Latitude 0°. Engineering Units  (Tablo 3.21).   3-103 
Latitudo 45°. Engineering Units 

(Tablo 3.23)   3-105 
Latitude 0°. Metric Units (Table 3.22)   3-104 
Latitude 45°. Metric Units (Table 3.24) .... 3-106 

Atmospheric Model III. Values of Temperaturo, 
Pressure ana Density Abovo the Fg-Layor 

Latitude 0°. Engineering Units (Table 3.25). 3-U1 
Latitudo 45°, Engineering Units 

(Table 3.27J  3-U3 
Latitude 0°. Metric Units (Tablo 3.26) 3-112 
Latitudo 450. Metric Units (Table 3.28) .... 3-U4 

Atmospheric Model III. Vertical Distribution of 
the Density Ratio (a) from tho F2-Layer up 
to 1600 Km. 

Latitude 0°. Metric Units (Fig. 3.53) 3-U6 
Latitudo 45°. Metric Units (Fig. 3.55)   3-118 

Atmospheric Model III. Vortical Distribution of 
the Density Ratio ( o) fron tho F2-Layer up 
to 1000 Milos 

Latitude 0°. Engineering Units (Fig. 3.52).. 3-U5 
Latitudo 45°. Engineering Units (Fig. 3.54). 3-U7 

Atmospheric Modol III. Vortical Distribution of 
the Temperature and Composition from the 
Fo-Layer up to 1600 Kn, 

Metric Units (Fig. 3.57)   3-120 
Atmospheric Model III. Vertical Distribution of 

the Temperature and Composition from the 
F2-Layor up to 1000 Miles 

Engineering Units (Fig, 3.56)   3-119 
Composition of the Atmosphere at Sea Level 

(Table 3.1)   3-2 
Composition of the Atmosphere, Increase of Helium 

Content with Altitude (Fig. 3.16)   3-26 
Composition of the Atmosphere, Reduction of Oxygen 

Content with Altitude (Fig. 3.15)  « 3-25 
Composition of the Atmosphere up to the F2-Layer 

Latitudo 0° iTable 3.11)  3-59 
Latitude 450 (Table 3.12) r.  3-60 

Composition of the Atmosphere, Variation of 
Relative Humidity with Altitude (Tablo 3.4) ... 3-17 

Density of tho Atmosphere Based on an Arbitrary 
Constant Value or Gravitational Force vs 
Altitude - 0 to 390,000 ft.   (Fig. 3t23>   3~50 

Density of tho Atmosphere (NACA Standard) vs 
Altitude - 0 to 50,000 ft. (Fig. 3-4)  3-9 

_ Density of tho Atmosphore vs Altitude 
50,000 to 100,000 ft.  (Fig. 3.5)   3-10 
60,000 to 189,000 ft.  (Fig. 3.13), 3-23 
120,000 to 400,000 ft.  (Fig. 3.12)    3-22 

Density of the Summer and Winter Atmosphere vs 
Altitudo - 0 to 65.OOO ft. (Fig. 3.7)  3-12 

Latitude Correction Factors for Values of Pressure 
in Tables 3.6 and 3.7 (Table 3.9)   3-41 

Plot Showing the Small Effoct of tho Value Used 
for ML in Determining the Vertical Density 
Distribution for Atmospheric Modol I. 
Latitude 0° (Fig. 3.47)   , 3-102 

Pressuro of the Atmosphore Based on an Arbitrary 
Constant Value of Gravitational Forco vs 
Altitude - 0 to 390,000 ft,  (Fig. 3.22)   3-49 

Pressure of the Atmosphere (KACA Standard) vs 
Altitude - 0 to 50,000 ft. (Fig. 3.2)  t.-3-7 

Pressure of the Atmosphere vs Altitude (Fig. 3.14).,3-24 
Prossure of the Atmosphere vs Altitudo - 50,000 

to 100,000 ft. (Fig. 3.3)  3-8 
Pressure of tho Summer and YJlnter, Atmosphore vs 

Altitude - 0 to 65,000 ft. (Fig. 3.8)  3-13 
Properties of tho Atmosphere at Sea Level 

(Table 3.2)  3-3 
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Tables and Figures (Continuod) 
Properties of the Uppor Atmosphere for Tentative 

Standard Temperatures Based on an Arbitrary 
Constant Value of Gravitational Force 

British Engineering System (Table 3.6)3-33 - 3-35 
Metric Engineering Systen(Table 3.5)   3-31 - 3-32 

Proportion of the Upper Atmosphore for 
Tentative Standard Temperatures Based on 
an Inverso Square Variation of Gravitational 
Forco 

British Engineering System (Table 3.8)3-38 - 3-40 
Metric Engineering System (Table 3.7) 3-36 - 3-37 

Tomperaturo in the F-Rogion at tho Equator 
According to Fuchs (Tablo 3.10) 3-54 

Temperature of tho Atmosphere (1IACA Standard) 
vs Altitudo - 0 to 50,000 ft. (Fig. 3.1) 3-6 

Temporature of the Atmosphere vs Altitude - 0 
to 390,000 ft. (Fig, 3.21)  3-48 

Values of Temperature,  Pressure and Density up 
to tho F2-Layor 

Latitude 0°, Engineering Units 
(Tablo 3.13)   3-6I - 3-63 

Latitude 450. Engineering Units 
(Table 3.I5)  3-67 - 3-69 

Latitude Cc. Metric Units(Tatls 3.14) 3--o4 - 3-66 
Latitudo 45°. Metric Units(Table 3,16)3-70 - 3-72 

Variation of Ambient Temperature with Altitude 
(Fig. 3.18)  3-42 

Variation of Composition of the Tontotlve Standard 
Atmosphere with Altitudo (Fig. 3.19)  .3-43 

Variation with Altitude of tho Physical 
Properties of the Tontotlve Standard 
Atmosphere (Fig. 3.20)  3-44 - 3-47 

Velocity of Sound In the Atmosphoro (NACA 
Standard) vs Altitude - 0 to 50,000 ft, 
(Fig. 3.6)  1 3-11 

Velocity of Sound In the Atmosphere vs Altitude - 
0 to 390,000 ft, (Fig. 3,24)   3-51 

Vertical Distribution of Moan Molecular Weight 
Above tho Fo-Layer for Models I, II and III, 
Latitudo 450 (Fig. 3.59)  3-120 

Vertical Distribution of Moan Molecular Weight 
fron Sea Level up to tho F2-Layer. Latitudo 
450. Metric Units (Fig. 3.38)  3-88 

Vertical Distribution of Tomperaturo Above tho 
F2-Layer for Models I, II and III. Latitude 
45°, Uotrlc Units (Fig. 3.58)  3-121 

Vertical Distribution of Tenperature in the 
F-Region 

Latitude 0°. Engineering Units (Fig. 3.26),. 3-5$ 
Latitude 450, Enginoorlng Units (Fig. 3,28). 3-58 
Latitudo 0°. Metric Units (Fig. 3.25) 3-55 
Latitude 45°. Metric Units (Fig, 3.27)   3-57 

Vertical Distribution of the Density Ratio (o-) 
Above the F2-Layer for Models I, II and III. 

Latitude 450 (Fig. 3,60)  , 3-123 
Vertical Distribution of the Density Ratio (o*) 

from Sea Level up to 120 Km. Latitudo 450, 
Metric Units (Fig. 3.37) 3-Q7 

Vertical Distribution of the Density Ratio (a) 
fron Sea Level up to tho F2-Layor 

Latitudo o°. Engineering Units 
(Pigs. 3.29a, b, c)  3-73 - 3-75 

Latitude 450. Enginoorlng Units 
(Figs. 3.31a, b)  3-79 - 3-80 

Latitude 0°. Metric Units 
(Figs. 3.30a, b, c)  3-76-3-78 

Latitude 45°. Metric Units 
(Pigs. 3.32a, b)  3-81-3-82 

Vertical Distribution of the Sonic Velocity 
from Sea Lovel up to 160 Km. 

Latitudo 00. Metric Units (Fig. 3.34)  3-84 
Latitudo 450. Metric Units (Pig. 3.36)  3-86 

Vertical Distribution of the Sonic Velocity 
from Sea Lovel up to 100 Mlle3 

Latitudo 00. Engineering Units (Pig. 3.33).. 3-83 
Latitude 45°. Engineering Units (Fig. 3.35). 3-85 

Temperature Above tho F2-Layer. Atmospheric Modol II 
Latitude 0°. Enginoorlng Units (Table 3.21). 3-103 
Latitude 450. Engineering Units (Table 3,23)  3-10? 
Latitude 00. Metric Units (Table 3.22)  3-104 
Latitude 45°. Metric Units (Table 3.24)  3-106 

Tenperature Above the F2-Layer. Atmospheric Modol III 
Latitude 0°. Engineering Units (Table 3.25)  3-111 
Latitude 450. Enginoorlng Units (Table 3.2?)  3-113 
Latitudo Oo Metric Units (Table 3*26) 3-112 
Latitude 450. Metric Units (Table 3,28) 3-U4 

Temperature Abovo the F2-Layer, Based on ML • 7. 
Atmospheric Model I 

Latitudo 0°. Engineering Units (Table 3.I7)  3-90 
Latitude 450. Engineering Units (Table 3.19) .......3-92 
Latitude 0°. Metric Units (Table 3.I8)  3-91 
Latitude 450, Metric Units (Table 3.20)* 3-93 

Temperature Above the Fj-Layer for Models I, II and III, 
Vertical Distribution of. Latitude 45°. Metric 
Units (Fig. 3.58) 3-121 

Temperature, Absolute, of the Upper Atmosphore for 
Tentative Standard Temperatures Based on an 
Arbitrary Constant Value of Gravitational Force 

British Engineering System (Tablo 3.6) 3-33 - 3-35 
Metric Engineering System (Table 3.5) 3-31 - 3-32 

Temperature. Absolute, of the Upper Atmosphere for 
Tentative Standard Temperatures Based on on 
Inverse Square Variation of Gravitational Forco 

British Engineering System (Table 3.8) 3-38 - 3-40 
Motric Engineering System (Tablo 3.7) 3-36 - 3-37 
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Temperature, Ambient, Variation of with Altltudo (Fig. 3*18) 3-42 
Temperature and Composition from the F2-Layor up to 

1600 Km., Vertical Distribution of. Atmospheric 
Model III. Metric Units (Pie. 3.57)   3-120 

Temperature and Composition from the F2~Layer up to 
1000 Mllos, Vertical Distribution of. Atmospheric 
Model III. Eneineerlng Units (Fig. 3.56)   3-119 

Temperature Distribution up to the F2-Layer, The   3-53 
Temperature for Atmospheric Model I from the F2-Layer up 

to 1600 Km., Adopted Values of 
latitude 0°. Metric Units (Fig. 3.40)   3-95 
Latitude «5°. Metric Unlt3 (Fig. 3.44)   3-99 

Temperature for Atmospheric Model I from the F2"Layer up 
to 1000 Miles, Adopted Values of 

Latitude 0°. Engineering Units (Fig. 3.39)   3-94 
Latitude 45°. Engineering Units (Fig. 3.43)   3-98 

Temperature in the F-Reglon at the Equator According to 
Fuchs (Table 3.10)  3"54 

Temperature in the F-Reglon, Vertical Discribution of 
Latitude 0°. Engineering Units (Fig. 3.26)   3-56 
Latitude 45°. Engineering Units (Fig. 3.28)  3-58 
Latitude 0°. Metric Units (Fig. 3.25).  3-55 
Latitude 450. Metric Units (Fig. 3.27)   3-57 

Temperature of the Atmosphere, Altitude vs 
Marls  (Fig.  3.11)    ,    3-21 
Martyn and Pulley (Fig. 3.9)     3-19 
YJhlpple (Fig. 3.10)   3-20 

Temperature of the Atmosphere (HACA Standard) vs Altitude - 
0 to 50,000 ft. (Fig. 3.1)    3-6 

Temperature of the Atmosphere vs Altitude - 0 to 390,000 
ft. (Fig. 3.21)   3-48 

Temperature, Upper Atmosphere  3-14 
Temperature up to the F2-Layer, Values of 

Latitude 0°. Engineering Units (Table 3.13 ..3-61 - 3-63 
Latitude 45°. Engineering Units (Table 3.15) .3-67 - 3-6? 
Latitude 0°. Metric Units (Table 3.14)  3-64 - 3-66 
Latitude 45°. Metric Units (Table 3.16)  3-70 - 3-72 

Upper Atmosphere (see Atmosphere, Upper) 

Velocity of Sound (see Sound, Velocity of and Sound, Speed of) 
Velocity, Sonic (seo Sonic Velocity) 
Viscosity, Coefficient of, in the Upper Atmosphere for 

Tontativo Standard Temperatures Based on an Arbitrary 
Constant Value of Gravitational Force 

British Engineering System (Table 3.6) 3-33 
Metric Engineering System (Table 3.5) 3-31 

Viscosity, Coefficient of, in the Upper Atmosphere for 
Tentative Standard Temperatures Based on an Inverso 
Square Variation of Gravitational Force 

British Engineering System (Table 3,8) ... 
Metric Engineering System (Table 3.7) ... 

Viscosity, Kinematic, of the Upper Atmosphere for 
Tentative Standard Temperatures Based on an 
Arbitrary Constant Value of Gravitational Force 

British Engineering System (Table 3.6)  
Metric Engineering System (Table 3.5) ... 

Viscosity, Kinematic, of the Upper Atmosphere for 
Tentative Standard Temperatures Basod on an 
Inverse Square Variation of Gravitational Force 

British Engineering System (Table 3.8)  3-38 

•3-38 
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3-33 
•3-31 

3-35 
3-32 

3-40 
3-37 

3-35 
3-32 

Metric Engineering System (Table 3.7) 
3-40 

• 3-36 - 3-37 
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Weight, Mean Molecular, Above the F2-Loyer. 
Atmospheric Model II 

Latitude 0°. Engineering Units (Table 3.21), 3-103 
Latitude 450. Engineering Units (Table 3.23)  3-105 
Latitude 0° Metric Units (Table 3.22)  3-104 
Latitude 450. Metric Units (Table 3.24)  3-106 

Weight, Mean Molecular, Above the F2-Layer. 
Atmospheric Model III 

Latitude 0°. Engineering Units (Table 3.25)  3-111 
Latitude 450, Engineering Unite (Table 3.27)  3-113 
Latitude 0°.  Metric Units (Table 3.26) 3-112 
Latitude 450. Metric Units (Table 3.28)  3-114 

Weight, Mean Molecular, Above the F2-Layer, Based on Mj, * 7. 
Atmospheric Model I 

Latitude oo. Engineering Units (Table 3.17)  3-90 
Latitudo 45°. Engineering Units (Table 3.19) 3-92 
Latitude 06. Metric Units (Table 3.18)  3-91 
Latitudo 450. Metric Units (Table 3.20)  3-93 

Weight, Mean Molecular, up to the F2-Layer, Values of 
Latitude 0°. Engineering Units (Table 3.13) . 3-61 - 3-63 
Latitudo 450. Engineering Units (Table 3.15) 3-67 - 3-69 
Latitude 0°. Metric Units (Table 3.14} 3-64 - 3-66 
Latitudo 450. Metric Units (Table 3.16) 3-70 - 3-72 

Weight, Specific, of the Upper Atmosphere for 
Tentative Standard Temperatures Based on an 
Arbitrary Constant Value of Gravitational Force 

British Engineering System (Table 3.6)  3-33 - 3-35 
Metric Engineering System (Table 3.5) 3-31 - 3-32 

Weight, Specific, of the Upper Atmosphere for 
Tentative Standard Temporatures Based on an 
Inverse Square Variation of Gravitational Force 

British Engineering System (Table 3,8) 3-38 - 3-40 
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SECTION 4 - THE MECHANICS AND THERMODYNAMICS 
OF STEADY ONE-DIMENSIONAL GAS FLOW 

• 

— . — vs Mach number (M) for Isontroplc Plow, Perfect Gas, 

k - 1.0, 1.1, 1.2, 1.3, 1.« an« 1.67 exactly (Tabloa 
4.10-4.15) 4.B9-4.106 

Adlabatlc Itormal Shock 4.47 
Analysis of a Discontinuity 4.39 

Moving at Constant Speed  4,44 
Stationary 4.39 

Analysis of Flow with Continuous Changes, for Constant 
Molecular Weight and Specific Heat  4.10 

Assumptions 4.10 
General Characteristics of Plow Patterns 4.14 
Physical Equations and Definitions  4.11 
Working Equations and Table of Influenco 

Coefficients  4.12 
Analysis of Flow with Continuous Changes, for Variable 

Kolecular Weight and Specific Heat  4.3 
Assumptions 4.3 
General Characteristics of Flow Patterns  4.7 
Physical Equations and Definitions  4.3 
Working Equations and Table of Influence 

Coefficients  4.6 
Appendix 4,1 J „ 

Derivation of Energy Flow 4.54 
Appendix 4.2 

Derivation of Momentum Equation 4.54 
Appendix 4.3 .__,... A ca 

Example Involving 31mple Friction  4.6» 
Example of use of Tables for T0-Change    4.65 
Example of Use of Tables of Isontroplc Functions  ... 4.64 
Example of Uso of Tables of Normal Shock Functions.. 4.70 

Examples ör'Ösö'öf'iaoies'öf'infiüence'cööfficients. 4,60 
General  •   .• 5?• 
Tables for normal Shock  4.141 
Tables of Frictional, Adlabatlc, Constant-Area Flow. 4.1Z4 
Tables of Prlctionless, Constant-Area Flow with 

Change In Stagnation Temperature   i'iS' 
Tables of Influence Coefficients  4.7jj 
Tables of Isontroplc Flow *•••» 

Applications and Examples *•« 
Approximate Solution Hear M - 1 4.16 
Combined Friction and Area Change  *.«> 
Combined Friction and Heat Transfer .....•• 7 ir 
Constant Specific Heat and Molecular Weight  4.15 
General Method of Solution  *•£* 
Pumping of Gas Through Cooling 4.33 

Cooling by Means of Evaporation  4.35 
Cooling with Heat Exchangers  4.33 

Simple Area Change   J.zi 
Simple Friction *-Sg 
Simple Gas Injection ••« 
Simple To-Change  V^f. 
Simple Typos of Flow   .'i* 
Variable Specific Heat and Molecular Weight 4.14 

Applications and Examples of Discontinuous Flow   4.47 
Adlabatlc Normal Shock   *»J/ 
Combustion  ••••• ?•?£ 
Deflagration  J'jU 
Detonation 7*48 
Moisture-Condensation Shock *•*" 
Slow Burning   .•?_ 
Stationary Discontinuities  ».»/ 
Steadily Moving Discontinuities (Explosion Waves) .. 4.4? 

Approximate Solution, Near H - 1 7*-8 
Area Change, Combined Friction and  »-|° 
Area Change, Simple ..•.•••]•••••••":( "" 4S3 
Area Change, Simple, k • 1.4 (Fig. 4.3)  ;,•.•;••.  
Sea Ratio (AJ/AJ5 vs Mach Number Before Shock (M*) for 

Normal Shock, Forfect Gas, k - 1.0, 1.1, 1.2, 1.3, 
1.4 and I.67 exactly (Tables 4.28-4.33) .....-..• *•*•*"• *••'•»» 

Area Batlo (A/A'i vs Mach Number (M) for Isent«"*« $«. 
Perfoct Gas, k - 1.0, 1.1, 1.2, 1.3, 1.» sna ±.0/ 
exactly (Tables 4.10-4.15)     4 3,4110 

Assumptions ,....,....•..••••••••••••••• • ***•    " 

Background, Historical  *•?_ 
Burning, Slow r ' 

Changes, Continuous, Control Surface for Analysis of, ^ 
(Fig. 4.1)   '"'     ' 

Coefficients 
Pro     PQ 

F., Fr,    Fw/2,-F»     vs Mach Number (M) for 
k - 1.0, 1.1, 1.2, 1.3..1.* snd 1.67 • 
exactly (Tables 4.4-4.9)   4.72-4.88 

(See Examples of Uso of Tables of Influence 
Coefficients, Appendix 4.3) 

Table of (Constant Specific Heat and Molecular 
Weight) (Table 4.2)   •.•*•••;         * 

Table of ^Variable Specific Heat and Molecular 
Weight) (Table 4.1) 4*6 4 12 

Working Equations and Tables of ................ ••"•T'tr 
Coefflcilntsflnlluence, Examples of D« of Tables of •»•"*;« 
Coefficients, Influence Tables of,(Tables 4.4-4.9) .... *.7<: «~° 

Combined Friction and Area Change ..••.....••••.••••.. 4,28 
Combustion .•......••••••.•.•.•••.••....•.•.•••••.•..•••...• 4.47 
Constant-Area Plow, Frictional, Adlabatlc, Tables of, 

(Tobl03 4.22-4.27)   4.124-4.140 
Constant-Area Flow, with Change in Stagnation Tomperature, 

Frlctlonless (Tables 4.16-4.21)    4.107-4.123 
Constant Specific Heat and Molecular Weight  4.15 
Constant Speed, Analysis of Discontinuity Moving at ........ 4.44 
Continuous Change, Control Surface for Analysis of,(Fig.4.1) 4.4 
Control Surface for Analysis of Continuous Changes (Pig.4.1) 4.4 
Control Surface for Analysis of Discontinuity (Fig. 4.10)  .. 4.39 
Cooling by Means of Evaporation  4.35 
Cooling, Pumping of Gas Through 4.33 
Cooling with Heat Exchangers  4.33 

Definitions, Physical Equations and   4.3,4.11 
Deflagration ., 4.51 
Density Ratio (Py/Px) vs Mach-Humbor Bofore Shock (U*) 

for Normal Shock, Perfect Gas, k - 1.0. 1.1, 1.2, 1.3, 
1.4 and 1.67 exactly (Table3 4.28-4.33) 4.141-4.155 

Density Ratio (P*/P) vs-Mach Number (M) for Frictional 
Adlabatlc, Constant-Area Flow, Porfoct Gas, k - 1.0, 
1.1, 1.2, 1.3, 1.4 and I.67 exactly (Tabloo 
4.22-4.27) ,  4.124-4.140 

Density Ratio (P/P») vs Mach Number (U) for Frlctlonless, 
Constant-Area Flow with Change In Stagnation 
Temperaturo, Perfect Gas, k • 1.0, 1.1, 1.2, 1.3, 
1.4 and 1.67 exactly (Tables 4.16-4.21)   4.107-4.123 

Density Ratio (P/P0) V3 Mach Number (U) for Isentropic 
Flow, Perfect Gas, k - 1.0, 1.1, 1.2, 1.3, 1.4 and 
1.67 exactly (Tables 4.10-4.15)      4.89-4.IO6 

Derivation of Enorgy Plow *»|4 
Derivation of Momentum Equation  *»5o 
Detonation *••£ 
Discontinuities (Explosion Waves), Steadily Moving   4.49 
Discontinuities, Stationary  *•*' 
Discontinuity, Analysis of a (see Analysis of a 

Discontinuity) ,      „ ._      , ,_.       . .,- 
Discontinuity, Control Surface for Analysis of,(Fig. 4.10),,. 4.39 
Discontinuity Moving at Constant Speed, Analysis or 4.44 
Discontinuity, Stationary, Analysis of »•« 
Discontinuity, Steadily Moving (Explosion Yfavc3)  4.4? 

Energy Flow, Derivation of J'fJ 
Equation, Derivation of Energy   ZKk 
Evaporation, Cooling by Means of •••• *;•« 
Example Involving Simple Friction   7*^ 
Example of UsTof Tabies for Simple To-Change 4.65 
Example of Use of Tables of Isentropic f•"•  • J-S3 
Example of Use of Tablos of Normal Shock Functions  ......... 4.7u 
Examples and applications (seo Applications and Examples) 
Examples and Applications of Discontinuous Flow (see 

Applications and Examples of Discontinuous Flow) ^ 
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